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ABSTRACT 


The secondary chemical constituents of 42 species in sixteen genera of Solanaceae, of five species 
in three genera of Apocynaceae-Parsonsieae, and of 142 species in 45 genera of Ithomiinae (Lepi- 
doptera: Nymphalidae) whose larvae feed on these plants, have been analyzed and compared in a 
standardized manner. Large orb spiders (Nephila clavipes), which cut field-caught adult Ithomiinae 
out of their webs, were used to assay fractions for defensive substances eventually present in or derived 
from larval food plants; the fractions were applied externally to the palatable nymphaline butterfly 
Biblis hyperia. All extracts and fractions from Solanaceous plants were inactive, not defending Biblis 
against predation by Nephila. The principal defensive compounds of adult Ithomiinae (also found in 
eggs and occasionally in Apocynaceae used by some Ithomiinae larvae) are dehydropyrrolizidine 
alkaloid (PA) monoesters and their N-oxides, stored in up to 2096 of dry weight. These compounds 
are obtained from a variety of natural sources by the adults after emergence from the pupa (freshly 
hatched individuals of both sexes in 26 genera were readily eaten by Nephila), especially from de- 
composing Boraginaceae-Heliotropoideae and flowers of Compositae-Eupatorieae, for which they 
serve as pollinators. Trichogonia, Adenostemma, and many Eupatorium flowers were confirmed as 
rich sources of the alkaloids, showing characteristics indicating long periods of coevolution in obligatory 
mutualism with the ithomiine pollinators. The highly diversified and variable Solanaceae toxins seem 
not to be stored and used for defense by the Ithomiinae, but may be important in mediating larval 
feeding preferences and oviposition in the butterflies, which show appreciable chemical specificity in 
host plant preference. Patterns of ithomiine larval use of the Solanaceae at the generic level, however, 
do not indicate parallel phylogenetic diversification of the two groups. An alternative hypothesis points 
to sequential adaptation by radiating lines of Ithomiinae to different classes of chemical toxins in the 
already diversified Solanaceae. By obtaining their PAs, necessary for their defense and reproduction 
(pheromone synthesis), from a source stabilized by mutualism, the Ithomiinae avoid dependence on 
the Solanaceae chemicals, constantly destabilized by divergent selection in the antagonistic system. 
Quantitative determination of PA concentrations in parts of different Ithomiinae and Eupatorieae 
permits the drawing of a diagram for the flow of these substances in natural ecosystems. 
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FIGURE І. Representative alkaloids known from the Solanaceae. with probable biosynthetic pathways: see 
Table 2 for occurrence in genera. Asterisked alkaloid types are not known yet in leaves of natural Ithomiinae 


host plants. 


Plants in the cosmopolitan family Solanaceae 
are widely known for their toxic qualities derived 
from an exceptionally diverse suite of alkaloids 
(Fig. 1) and steroidal bitter principles, terpenes, 
saponins, and phenolic glycosides (Fig. 2; Evans, 
1979; Schreiber, 1979; Harborne & Swain, 1979: 
Kirson & Glotter, 1982). Such a rich larder of 
potential poisons could be expected to repel, de- 
ter, Or intoxicate almost all herbivores while 
causing a few to become specialists; the special- 
ists might be predicted to sequesier the Solana- 
ceae poisons and use them in their own defense 
against predators. In fact, the herbivorous insects 
found on Solanaceae leaves in the Neotropics are 
often restricted to the family and some of them 
are brightly colored as if to suggest unpalatability 
(Table 1). These form ideal systems for the in- 
vestigation of biochemical ecology and coevo- 
lution (Brown, 1980). 

One of the most important groups of Solana- 
ceae herbivores in the Neotropics is butterfly lar- 
vae of the nymphalid subfamily Ithomiinae 
(Drummond & Brown, 1987). The brightly col- 
ored adults are regarded as prime distasteful 
movers in regional insect mimicry complexes 


(Brown, 1979, 1987; Brown & Benson, 1974). 
They even pull in other less abundant and per- 
haps less protected, but typical aposematic but- 
terflies such as Heliconiini (Brown, 1972a: Brown 
& Benson, 1974), Danainae-Itunini (Brown, 
1987), Acraeinae (Brown & Benson, 1974), and 
Troidini (which are usually central models of 
their own mimicry rings), as well as myriad 
Batesian mimics (Satyrinae, Nymphalinae, 
Charaxinae, Riodininae, Pierinae, Dismorphiin- 
ae, Hesperiidae, Castniidae, Geometridae, Diop- 
tidae, Arctiinae and Pericopinae—the last two 
possibly distasteful Müllerian mimics— and 
members of other insect orders such as Odonata 
and Homoptera). Adult Ithomiinae were in- 
volved in the original proposals of Batesian and 
Müllerian mimicry and have been shown to be 
rejected by a variety of vertebrate predators 
(Bates, 1862; Belt, 1889; Brower & Brower, 1964: 
Haber, 1978; Coimbra-Filho, 1981). One known 
exception (Brown & Vasconcellos-Neto, 1976) 
involves complex learning behavior by a single 
tanager population (Pipraeidea melanonota), 
which squeezes out fatty abdominal contents of 
individuals in winter reproductive diapause dur- 
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FIGURE 2. Examples of non-nitrogenous secondary compounds found in Solanaceae used as larval hosts by 
Ithomiinae. Carotenoids and other pigments are not included; for flavonoids, see Harborne & Swain (1979). 


See Table 2 for distributions. 


ing the cold of early morning, treating them as 
it does fruits with a bitter rind. Similar learned 
behavior has been observed in jays (Corvidae) 
eating ithomiines in Costa Rica (R. Hagen, pers. 
comm.), as well as in orioles and grosbeaks at- 
tacking wintering monarchs (Danaus plexippus) 
in central Mexico (Calvert et al., 1979; Fink & 
Brower, 1981). Like most aposematic insects, 
Ithomiinae have tough and resilient bodies; sur- 
viving individuals squeezed by the tanager were 
often captured in flight one or more days after 
attack. They often remain on the forest floor for 
weeks after death, avoided by predatory and 
scavenging ants. Even the giant tropical orb spi- 
der Nephila clavipes, which often clutters the air- 
space of ithomiine colonies with broad sticky 
webs and takes most aposematic butterflies with 
typical rapaciousness (Vasconcellos-Neto & 
Lewinsohn, 1982, 1984), cuts out all Ithomiinae 
from its web rapidly (10 sec.-2 min.) after con- 
tact with any part of the body or wings. Other 
spiders, especially flower-frequenting Thomisi- 
dae (crab spiders), may take Ithomiinae regular- 
ly, however (Drummond, 1976; pers. obs.). 

It has been suggested frequently that the pro- 
tection of adult Ithomiinae against predators is 


due to alkaloids or other toxic chemicals se- 
questered and stored by the larvae from Sola- 
naceae and passed on to the adult (Brower & 
Brower, 1964, p. 154; Young, 1972, p. 291; 
Drummond, 1976, p. 268, 1981, p. 63; Brown, 
1980). A good precedent for this suggestion exists 
in the storage of cardiac glycosides (Fig. 3A) by 
larvae of Danainae—sister-group to the Itho- 
miinae (Ackery & Vane-Wright, 1984)— which 
are transmitted to adults and help protect them 
against avian and other predators (Brower et al., 
1967; Brower, 1969; Brower & Glazier, 1975). 
Nevertheless, no evidence has been obtained yet 
for the presence of any Solanaceae secondary 
chemical sequestered naturally into the tissues 
of any herbivore. Indeed, all results reported by 
Rothschild (1973) showed metabolism and ex- 
cretion of Solanaceae alkaloids by specialist her- 
bivores; a later experiment showed retention of 
tropanes in Manduca sexta (tobacco hornworm) 
(Rothschild et al., 1979), but this herbivore does 
not normally encounter these insecticidal com- 
pounds in nature. Since Solanaceae alkaloids and 
steroids are relatively stable compounds, abun- 
dantly available to Ићотипае through the larval 
food plant and toxic enough to be eminently suit- 


[VoL. 74 


ANNALS OF THE MISSOURI BOTANICAL GARDEN 


362 


`sə1oAtq1əq эц 1nq 'sjuejd эці JOVNEL зои op Аэц} :aeaoeuejos Surl[oned рипој иэцо эле s1ojepaud pruroleluəq Kue e 


— m Í —Ir  . . ЕЕ e Ee Е аА АГ 


10N 14877 зјелороруј әле 219098 [E12A9g $1э410 pue зергашојфу vÀaldid 
зле зшоб КАРЭН эівіэроўў quonbo14 рат ‘прая зертојзуј 
Ајолем NLII POW MOT SIOMOY ‘dey 219028 KUEN зертодејеое 
A[aiey 14877 отелорој yuənbəuju 212198 9 Əguruoə[O 
‘эвицэрАЦов1Я :эерімоцпэгп) 
Sok отелоро этваэроўў juanbouju] рицэрпач эерціэшэ20 
әле ISON КАРЭН чач Áqjpens(] juonbo14 212138 Qc 1noqy заціш фп 14319 :әерцәшоѕ4іцэо Vaud LdOd10OO 
sok synpy Клеон чан уаопбоја 219198 QE ISAO эвиишоц :әерцеҷашкм 
эелле] + 5упру КАвЭН Чан 1uonbouju] $ә]&Ң 'роприрру oepisuryds 
зле эшоб 14317] чан әле 219138 [EI2A9S әеиш8пеѕ4іцо :aepi[e1Aq 
S3A 9]&J9poJA чан әле DIUOPOUOL) зерпузом 
S3A NLIIPON ојелороруј 1uonboJju] 219138 зпоџед X (oeurgonuo);) Surpn|oup эершэгу 
1929024 14311 чан әле pidou H эершэшоэгу 
Á[pp[u(] — (1210Д) Алеон ојелоројј әле Snssnud зерцетдон VYa.LdOdıId31 
10N 31&J9poJA MOT ојелорорј зоптшеј зпоцел :вэріюзэ20) 
Ајолем отејорој ојелорорј ушопбоја 212198 [е1элэ6 зертрца у 
10N ојелорој мо] эівгэроўу Эертрог4 агу 
зле эшо$ 14377 э1елэрод 1uonbouju] 21198 [PISA9S зеррелашзуј 
эле Апр] 91&Jopo]JA ојелорој juonbouju] 212198 Aue эерШэреэг) VH3.LdOWOH 
зле эшо$ 1431] чан juonbouju] елаиз8 AUEN зертшј 
S3A 14317 чан 1uonbojju] типу „згртшој тиза 
SƏA 1487] ціц 01 ојеЈорој juonbouju] зерџозоцшла + эеріэва/ 3] 
эле 1SO]A] ојејороу чан 1uənbəoi1+q4 SsnJjouo]əsd(H “іцца ILPIN 
эге эшо$ отелорор чан juonbo1 әрршр{ VH3.LdIW3H 
Ajaiey NLIPOW әјезәрош о] мо] 1uonbouju зоптшеј SNOL A VuaLdONVSAHL 
aie киву Алвон э1елэрош 0} мо] 1чэпрэ:4 S19410 pue 51129044) зешојешом :эертриэ\у VH31dOH.NO 
¿9nguisody зва (I9AƏ71 'dS) әвәориРОС елоџог) Ajturejqng рие Á[rure.q 1ƏpiO 1295] 
01 овешта uonezi[eroodg uo oouanmooQ 
Jo ээ18эа 


—оо E F=FFx—n ——EBƏA—  “—I,_TSsH-_——.. "O 
((8961) [Iseig ор selue[d seu warg onb soləsul sop Зојеје) 
орепф) “је 12 BA[IS ә отегу.р `D `v pue suongA1əsqo [2405134 :золпоб) ‘геля ut (DUDIIO2IN чецј 19410) эеээеце[об 01 pozi[eroads $элол1алэц иеройшү ‘| g18v] 


1987] BROWN—SOLANACEAE/ITHOMIINAE CHEMISTRY 363 
INSECT DEFENSIVE COMPOUNDS INSECT MALE PHEROMONES 
CARDENOLIDES 
H ў Ithomiinae 
| C4 и N -------- > | й i 
H 
H 
D. 
"Hairpencil 
Dehydropyrrolizidine lactone" 





alkaloid monoesters 











A. Calotropin E. lycopsamine 
(Asclepias) * й ; 
F. (ері-ед intermedine 
С. (7«-OH) echinatine 
OAc | я 
Н. (7w-OH, epi-«) rinderine 
I. (epi-#,@) indicine 
H202 
9 
oleandrose-O (0.15%) HO 2 
І H MeOH + H сос 
glucose 100° T: \ wr 
B. Urechitoxin (Urechites) у но t H 
A = 
PIGMENT PM ° ў joie 
isoamyl| J, Echinatine N-oxide 
acetate š Me " 
1009 K, (epi-7,0,@) Indicine N-oxide 
APOCYNACEAE TOXIN 
HO У CHOR HO CHOR 
o 
LA 2% BF,-EtOH 22 re 
Я б 
(CH) NC Усю 
3-hydroxy-L- " ; L. Ehrlich 
Èi kynurenine MATTOCKS- Pty e WD CH "condensation 9, Loroquine 
T BINGLEY * ax (Fernaldia) 
(Ithomiinae) ASSAY N Anag 562 nm 


FIGURE 3. 


Danaine and ithomiine pheromones and defensive compounds, including cardiac glycosides (A, 


B), a pigment (C), male sex pheromones (D, M, N), dehydropyrrolizidine alkaloids (E-I) and their N-oxides (J, 
K), the reaction sequence and final product (L) of the Mattocks-Bingley assay, and Apocynaceae toxins (B, E, 
O). Compounds M, N, O are dihydropyrrolizines with carbonyl conjugation. See text for explanations. 


able for protection against predators, their ab- 
sence in Solanaceae-feeding insects was quite a 
disappointment (Rochschild, 1973). The only 
known “secondary chemicals” isolated from the 
Ithomiinae before this work were the amino-acid 
yellow pigment 3-hydroxy-L-kynurenine (Fig. 
3C; Brown, 1967; Brown & Domingues, 1970) 
and a pheromonal lactone related to some es- 
terifying acids of pyrrolizidine alkaloids (Fig. 3D), 
as well as the presumed precursors of the latter 
(Fig. 3E, F) (Edgar et al., 1976). 

Especially interesting to find in adult Ithomi- 
inae were these latter compounds (dehydropyr- 
rolizidine alkaloids, or PAs, Fig. 3E-K), since 
they have been shown to be very important in 
both defense and reproduction of the butterflies 
in the sister group Danainae (Edgar & Culvenor, 
1974: Schneider et al., 1975; Schneider, 1977; 
Rothschild & Marsh, 1978; Boppré, 1978; Edgar 
et al., 1979; Edgar, 1982). Unlike the rather spo- 


radically stored cardenolides (Rothschild et al., 
1975: Dixonetal., 1978; Malcolm & Rothschild, 
1983; Fig. 3A, B), PAs are universally present in 
field-captured adult Danainae, which actively 
seek them out and sequester them (Воррге, 1984) 
from flower nectar, plant exudates, and even oth- 
er insects (Bernays et al., 1977). Some danaines 
(Euploea) also obtain PAs from apocynaceous 
larval food plants (Parsonsieae: Parsonsia; Ed- 
gar, 1982). Larvae of a primitive ithomiine iso- 
lated in the New Guinea region, Tellervo zoilus, 
feed on these same plants; adults contain PAs 
presumably derived from Parsonsia (Edgar, 
1982), as do adults of a primitive Central Amer- 
ican ithomiine (Тийогеа tarricina) whose larvae 
feed on Prestonia (Apocynaceae: Parsonsieae) 
containing the same PA found in the butterflies 
(Fig. 3E; Edgar, 1982; Edgar & Harvey, in prep.). 

The purpose of this paper is to examine in 
detail, by chemical analysis and field bioassay, 
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three basic questions related to the specific in- 
teraction between Neotropical Ithomiinae and 
their Solanaceae larval host plants. These ques- 
tions derive from conventional aspects of insect- 
plant coevolutionary theory, especially as ap- 
plied (with much success) to aposematic insects 
on poisonous plants (Ehrlich & Raven, 1965: 
Benson et al., 1976; Brown, 1980): 

(1) To the extent that host plant specificity 
may exist in the Ithomiinae/Solanaceae relation- 
ship at generic and specific levels, how does it 
relate to chemical mediation of cues for ovipo- 
sition and larval feeding? 

(2) How might such chemical specificity re- 
flect mutual interaction of these two groups over 
long evolutionary time, leading to diversification 
in both groups as a function of reciprocal selec- 
tive pressures—that is, what is the evidence for 
coherent patterns of biochemical or “parallel di- 
versification” coevolution? 

(3) To what extent do the Ithomiinae use the 
poisonous secondary chemicals of their Solana- 
ceae larval hosts for their own defense against 
predators in any stage of their life cycle? 

A preliminary phylogenetic (Brown, in prep.) 
and chemical (Brown, 1984, 1985) survey of the 
Solanaceae/Ithomiinae interface, accompanied 
by an efficient spider bioassay for predator-de- 
fense compounds, has indicated surprisingly that, 
while the first question seems to merit an affirm- 
ative response, the other two questions must be 
answered by *'little or no evidence in favor." The 
Ithomiinae apparently colonized the Solanaceae 
well after the generic diversification of this plant 
family in the New World, tolerating and using 
the diverse secondary chemicals (Figs. 1, 2) for 
oviposition cues to regulate specificity, but not 
for defense. Efficient chemical protection of adult 
Ithomiinae is generally unrelated to toxins en- 
countered by larvae but not stored; instead, the 
adults seek out PAs in flower nectar and decom- 
posing leaves, using them not only in pheromone 
synthesis (Fig. 3D) but also in defense, exactly 
as in the Danainae. The results of this survey are 
reported here, along with details of chemistry, 
bioassay, host plant specificity, and alternative 
ecological and physiological factors in the rela- 
tionship. 


MATERIALS AND METHODS 


STUDY SITES 


Field observations of interactions between So- 
lanaceae and their herbivores were undertaken 
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principally in two very different artificial tropical 
forest systems in the Fazenda Santa Elisa, Insti- 
tuto Agronómico de Campinas, Sao Paulo (600 
m elevation): Monjolinho (a forest garden of na- 
tive plants) and Amarais (an old eucalyptus for- 
est with natural under- and middlestory) (see 
Brown et al., 1981, for photos, maps, and de- 
scription). Supplementary observations were 
made in Sumaré, SP (similar to Amarais, 550 
m); Martinho Prado, SP (floodable riverine for- 
est, 400 m); Serra do Japi, Jundiaí, SP (native 
seasonal and montane forest on rocky soils, 850— 
1,150 m); Serra Negra, SP (humid montane for- 
est, 1,000 m); Bertioga, Sšo Vicente and Mon- 
gagua, coastal Зао Paulo (perhumid tropical for- 
est, near sea level); Pocos de Caldas, Minas Gerais 
(montane forest, 1,200 m); coastal Rio de Janeiro 
and Espirito Santo (disturbed tropical rain forest, 
sea level to 800 m); Goiánia, Goiás (riverine 
thicket, 800 m); various parts of Rondónia, SW 
Brazil (seasonal forest on rich soils, 100-650 m); 
various parts of NE and S Pará, Brazil (tropical 
forest, sea level to 800 m); the region north of 
Manaus, Amazonas, Brazil (disturbed tropical 
rain forest on poor soils, 50 m); and in northern 
Venezuela (deciduous and cloud forest, sea level 
to 1,400 m). Some limited data have also been 
obtained in Mexico, Panama, Colombia, Ecua- 
dor, and Peru. 


JUVENILE BIOLOGY 


Ecological observations in the field were con- 
ducted with the aid of binoculars and suitable 
recipients for living adults and larvae (for details 
see Brown & Benson, 1974, and Brown, 1972b). 
Identification is secure for adult ithomiines, at 
least 9090 certain for juveniles, and secure for 
Solanaceae host plants at the genus or section 
level but still uncertain in a few cases at the species 
level. Early stages of ithomiines were brought 
into the laboratory when necessary and reared 
to adults in glass or plastic dishes on separated 
leaves of natural or experimental host plants, 
kept subhumid. At least one fertile egg could 
usually be expressed from any field-captured re- 
productive female ithomiine by careful pressure 
on the abdomen with thumb and forefinger, 
working backwards slowly from the fourth seg- 
ment. Such eggs were kept with expected or po- 
tential food plants until hatching (3-9 days). A 
large number of potential food plants could be 
found in Monjolinho or other areas in Campinas; 
many others were cultivated as available in my 
garden. 
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many glycosides, saponins, flavonoids) 


analysis by TLC on 
T gel 


Further fractionation on 
columns of silica gel 


mostly fats, 
hydrocarbons) 


Further fractionation on 
deactivated basic alumina 
or partition columns 


analysis by TLC 
and paper chromatography 


zwitterions, some salts F n y, Further fractionation on Sephadex or 


ion-exchange columns 


FIGURE 4. Mild and rapid standardized fractionation scheme for fresh leaves, flowers or insects, adapted to 
alkaloid-containing materials, giving fractions for chemical and ecological analysis and assay. 


CHEMICAL FRACTIONATION 


A standard extraction and fractionation was 
developed for all plant or animal material (Fig. 
4). Leaves or flowers of plants observed to be 
used by Ithomiinae larvae or adults were sepa- 
rated from petioles or peduncles and maintained 
fresh until extraction; juvenile and adult Ith- 
omiinae were kept alive in dishes or envelopes 
until the moment of extraction. Thus, all ex- 
tractions were performed on fresh and recently 
functioning living tissues. The method was 
adapted to rapidly remove all organic substances 
of moderate to high polarity and at the same time 
deactivate enzymes in the living material; stable 
nonpolar compounds were removed afterwards. 
The initial use of heat, aeration, acids, bases, or 
acetone (which can condense with primary 
amines) was avoided. Exhaustive extraction was 
sacrificed in favor of rapidity; the more labile 
polar compounds (especially glycosides) were 
immediately and efficiently dissolved by vigor- 
ous maceration in the first extracting solvent 
added to fresh material. The leaves, flowers, or 
insects were divided if necessary into pieces of 
no more than 2 cm maximum linear dimension 
by scissors, already under or falling directly into 
methanol-water 8 : 2 (usual for leaves to extract 
less chlorophyll) or 9: 1 (for adult insects), using 
about ten times the volume in milliliters as the 
fresh weight of material to be extracted. The 


extraction was immediately completed with scis- 
sors (if less than 40 ml) or with a kitchen 
homogenizer (Braun **Mini-Pimer" with а two- 
blade metal propellor) introduced into the sus- 
pension from above. Within a minute, leaves 
were reduced to tiny fragments and insects to 
pieces of chitin, partly coated with a fatty layer. 
The extract was homogenized for 1-3 minutes 
and filtered under suction; the insoluble material 
was washed and stirred with a further amount 
of aqueous methanol, up to half the original vol- 
ume. Nonpolar compounds (fats, waxes, caro- 
tenes, some terpenes, and free flavonoids), in- 
soluble in aqueous methanol, were immediately 
extracted from the residue with two portions (each 
5 x original fresh weight) of ethyl acetate, giving 
a "fat fraction" (F) and leaving only polymeric 
organic fiber or plaque (cellulose, lignin, chitin). 

The filtered and united aqueous-methanolic 
extracts were evaporated under vacuum at less 
than 40°C until all the methanol was removed. 
The resulting aqueous suspension (at times after 
filtration, giving a chlorophyll or nonpolar frac- 
tion F’) was acidified with conc. sulfuric acid 
(roughly 696 of the total volume, making it about 
2 М = 1 M in acid) and extracted three times 
with an equal volume of chloroform. If occa- 
sional emulsions encountered at this or later stages 
(especially in some plant extracts) did not sep- 
arate after 6 hours, they were filtered or broken 
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with MeOH. The organic layers were united, dried 
with anhydrous granular sodium sulfate, filtered, 
and evaporated under vacuum to dryness to give 
a relatively more polar but nonalkaloidal frac- 
tion (A), often including some chlorophyll from 
leaves (usually little soluble in aqueous metha- 
nol) plus terpenoids and steroids (including most 
cardiac glycosides, withanolides, and saponins), 
flavonoids, coumarins, and organic acids (Fig. 
2). Half or all of the aqueous phase was then 
made strongly basic (pH above 10) with conc. 
ammonium hydroxide and extracted with two 
equal volumes of chloroform-methanol 3: І and 
one to three volumes (1.5 x) of chloroform; this 
gave effective partition between water-methanol 
8:1 and chloroform-methanol 6:1, obviating 
salting out of polar organic constituents from the 
upper layer. The organic layers were combined, 
dried, and evaporated as above to give a mod- 
erately polar alkaloid fraction (B) containing gly- 
coalkaloids, tropanes, pyrrolizidines, and sim- 
pler bases (Figs. 1, 3). The remaining aqueous 
phase retained alkaloid N-oxides, very polar gly- 
cosides, more polar acids, and salts and sugars; 
it was directly evaporated and extracted with 
methanol (two cycles with filtration) to give a 
polar extract (C) and leave insoluble organic salts, 
mostly ammonium sulfate. If the alkaloids cor- 
responding to the N-oxides were desired, the oth- 
er half of the acidic solution (after CHCl, ex- 
traction, 2 N in H,SO,) or fraction c after 
dissolution in 2 N H,SO, was reduced by stirring 
for 2 hours at room temperature with an excess 
of zinc dust (usually in grams equal to one tenth 
of solution volume), filtered (paper cone, gravity 
funnel), alcalinized with an excess of conc. 
NH,OH (until all zinc salts dissolved as the zinc- 
ammonia complex), and extracted as above with 
СНСІ,-МеОн (2x) and СНС. If this gave a 
much greater weight of alkaloid than in unred- 
uced extracts, significant amounts of N-oxide 
were indicated. The complete extraction and 
fractionation scheme is illustrated in Figure 4. 
Crude or purified fractions were analyzed by 
NMR spectra in CDCI, + 1% TMS, on the Var- 
ian T-60 of the Instituto de Química, UNI- 
CAMP, or eventually by IR spectra (in CHCI, 
or KBr) on a Perkin-Elmer Infracord. Mass spec- 
tra were performed by Mrs. Concetta Kascheres 
on the Varian MAT 311A instrument of the In- 
stituto de Química, at 70 eV, probe temperature 
60-105°С. Chromatographic analysis on TLC 
plates (coated microscope slides) used silica gel 
H (no binder) and varying amounts of chloro- 
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form-methanol or benzene-ethyl acetate, plus 1% 
NH,OH for alkaloidal fractions; other systems 
used ethanol, acetone, and amines. Separations 
on adsorption columns (silica gel or alumina ac- 
tivity III were usual) followed results of the TLC 
analysis and used careful gradient elution. Al- 
kaloids were purified by partition chromatog- 
raphy with the system ethanol-chloroform-water 
(usually 1:9: 1), stationary (upper) phase 0.75 x 
(V/W) on Celite 545 and including phenol red 
as indicator (Brown & Kupchan, 1962) or chlo- 
roform and buffer solutions. 


DETERMINATION OF PAS 


Dehydropyrrolizidine alkaloids (PAs) were 
quantitatively assayed in fresh plant or insect 
material (they are destroyed after death or dry- 
ing), cut up under absolute methanol (at least 
10x), and, after at least one day, colorimetric 
determination on aliquots (usually 1/20, prefer- 
ably containing no more than 100 ug PA; 40 ug 
gave initial absorbance off scale (> 2.0) and the 
Beer'slaw curve became unreliable above 150 ug) 
with a modification of the Mattocks (1967, 1968)- 
Bingley (1968) method. The assay is very sen- 
sitive as modified (< 0.1 ug is easily seen), very 
accurate for N-oxides (+ 196), reasonably accu- 
rate for total PA (+ 1096), and extremely specific 
and applicable on total plant or insect extracts 
with minimal interference by other components; 
the final product of Ehrlich condensation shows 
Ama, 561.5 nm (in isoamyl acetate-ethanol-ace- 
tone about 1: 1:2 with 296 ВЕ.) with e ~ 57,000 
(Fig. 3L). For total PA determination, the aliquot 
is treated with 0.5 ml of freshly prepared 0.1596 
methanolic H,O, (from 200: І dilution of 30% 
aqueous H,O, stabilized with 5 mg/ml of 
Na,P,0O,) and heated in a boiling water bath for 
30 minutes, followed by drying with hot air for 
5 minutes. This procedure destroys about 40 + 
5% of the total alkaloid N-oxide formed, but 
milder methods of oxidation give incomplete re- 
action or difficulties in the following steps. The 
resulting completely dry N-oxide (or an aliquot 
of the original extract air-dried at 80°C) is taken 
up in 1.0 ml isoamyl acetate, treated with 0.125 
ml acetic anhydride, and heated 2 minutes in the 
boiling water bath. After being cooled to room 
temperature, the solution is treated with 1.0 ml 
ofa solution of absolute ethanol : 20% BF,-meth- 
anol: p-dimethylaminobenzaldehyde (50: 5 : 1) 
and heated at 56-59°С for five minutes. Absor- 
bance is read against a blank which passed 
through all the reactions, at 561.5 nm, after di- 
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lution to 3.8 ml with anhydrous acetone; further 
dilution with acetone gives a linear decrease in 
absorbance. At room temperature absorbance 
reaches a maximum several hours after the last 
reaction, about 5% above the reading immedi- 
ately after it, and then diminishes; it may be 
maintained for many days at 4°C. Each micro- 
gram of PA in the original aliquot contributes to 
the absorbance 0.05 (N-oxide) or 0.03 (total base) 
(standard curves with echinatine and lycopsa- 
mine samples, Fig. 3G or E, provided by J. A. 
Edgar). Determinations were routinely done in 
racks of 40 13 x 100 mm glass test tubes, always 
doing total base and N-oxide determinations in 
the same batch to equalize the initial aliquot 
sampling and give an internal control on abnor- 
mal results. Separate pipets and bulbs should be 
used for each reagent in the series; water must 
be rigorously eliminated from the test tubes be- 
fore the Polonovski reaction (Ac,O-isoamyl ace- 
tate). 

PAs with a carbonyl group conjugated with the 
unsaturated ring (7-ketones, or 9-aldehydes or 
carboxylates, such as Fig. 3M-O) or with no dou- 
ble bond in the ring did not give any blue color 
with this method. Dihydropyrrolizines (with the 
nucleus of Fig. 3M, N) without carbonyl conju- 
gation could be directly determined on aliquots 
to an accuracy of about + 10% using the final 
reaction in the series. They were usually de- 
stroyed in the first reaction step (oxidation) if 
present in the extract. 


NEPHILA BIOASSAY 


Fractions were bioassayed for predator-de- 
fense compounds, following observations of 
Vasconcellos-Neto and Lewinsohn (1982, 1984), 
with natural populations of the giant tropical orb 
spider Nephila clavipes (L.). This predator, com- 
mon from December through July in Campinas 
(the same period as that of maximum ithomiine 
density in the same places) and present in small 
numbers year round, cuts out of its web, alive 
and unharmed, any field-captured ithomiine that 
is introduced naturally or experimentally, after 
contact with any part of body or wings. If the 
butterfly struggles excessively (ithomiines gen- 
erally remain quiet, awaiting liberation), it may 
be attacked or wrapped in silk, but the spider 
does not suck it (Vasconcellos-Neto & Lewin- 
sohn, 1982, 1984). Nephila spiders are among 
the most abundant, effective, and aggressive po- 
tential predators of flying insects in Campinas 
and throughout the more seasonal Neotropics, 
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and can be safely regarded as very important in 
the evolution of predator defense mechanisms 
in the Ithomiinae. Vertebrate predators have not 
been used yet in the bioassay, but they were shown 
to reject an ithomiine by Brower & Brower (1964), 
to reject almost all ithomiines by Haber (1978), 
to reject two ithomiines by Coimbra-Filho (1981), 
and to accept only fatty abdominal contents of 
ithomiines in Brazil by Brown & Vasconcellos- 
Neto (1976). 

Living individuals of the palatable nympha- 
line butterfly Biblis hyperia (Cr.), readily at- 
tacked and eaten by the spider, were painted with 
aqueous solutions, suspensions, or emulsions of 
fractions or compounds (corresponding to 0.5- 
1.5 butterfly, 2 g fresh weight of leaves, or 0.2 g 
fresh weight of flowers), covering the entire body, 
legs, antennae, and wing bases to at least half the 
radius, and let dry. Still alive, they were thrown 
into part of the web of an adult, non-satiated, 
and healthy spider (as judged by web structure), 
from a distance of 0.5-1.5 m on the side opposite 
the spider, between 1200 hours and 1500 hours 
on a warm sunny day. The spider normally ad- 
vanced immediately to attack the butterfly (de- 
lays of up to 5 minutes can occur if the spider is 
“dozing” or distracted). If the Biblis was punc- 
tured, sucked, and then cut out or wrapped in 
silk by the spider, or (to still its struggles) was 
bitten, wrapped in silk, cut out, and taken to 
another part of the web and sucked, the test was 
regarded as negative. All such tests were repeated 
at least twice with different spiders and different 
individuals of Biblis. A positive test consisted of 
the spider's drawing back from the animal, at 
times inspecting various parts with its sensory 
palps but not biting or sucking, and eventually 
cutting out the living butterfly by breaking all 
necessary strands (usually cutting them with the 
third pair of legs), manipulating the entire insect 
and letting it drop unharmed. This test, usually 
repeated at least three times with at least two 
Biblis, was regarded as strong evidence for effec- 
tive predator-deterrent compounds in the ex- 
tract. 

Biblis is common year round in most parts of 
the Neotropics, not especially fast- or high-flying, 
and readily attracted to fermenting baits. It is 
brightly colored black and red, regarded as an 
“incipient mimic" by the Browers (1964; Brow- 
er, 1969; Brower et al., 1971). Its larva feeds 
upon Tragia, an urticant euphorbiaceous vine, 
and the adult possesses dorsal scent glands in the 
abdomen that it displays in evident defensive 


368 


behavior when handled. Nevertheless, it is readi- 
ly eaten by Nephila and thus is an ideal substrate 
for the bioassay of chemical fractions. Alterna- 
tive organisms used with similar success in the 
bioassay include some pierids (Eurema) and 
Heliconius erato, also eaten by the spider (Vas- 
concellos-Neto & Lewinsohn, 1982, 1984). 


CHEMICAL COMMUNICATION AND 
COEVOLUTION AT THE 
SOLANACEAE/ITHOMIINAE INTERFACE 


HOST PLANT UTILIZATION PATTERNS 


In the principal field sites around Campinas, 
SP, at least 42 species of Solanaceae are used (or 
potentially should be used, by analogy with other 
regions) by larval Ithomiinae (Figs. 5-8). А fur- 
ther four species have been inspected frequently 
but show no signs of usage: Capsicum praeter- 
missum Heiser & P. G. Smith, Lycianthes ran- 
tonnetii Carr. ex Lescuyer, Solanum wendlandii 
Hook. f. and Solanum americanum Mill. Many 
additional species occur in nearby field sites (at 
least 15 more species of Solanum) or in gardens. 

Six of the 25 species (in 17 genera and 11 of 
the 13 neotropical tribes) of Ithomiinae known 
from the Campinas region (Figs. 5, 9) can be 
regarded as only occasional visitors (the two Mel- 
inaea, Episcada philoclea, Pseudoscada quadri- 
fasciata, and Hypoleria adasa and гогапа); these 
possibly do not find enough adequate host plants 
available to establish permanent populations. At 
least 15 additional species in as many genera 
occur in healthy populations within 200 km of 
Campinas, often in different forest types, and 
may eventually be recorded in the region. Two 
of the 19 species regularly present feed only on 


ANNALS OF THE MISSOURI BOTANICAL GARDEN 


[Мог. 74 


Apocynaceae-Parsonsieae (Fig. 5). Thirty-six 
species of solanaceous food plants have been re- 
corded for 14 of the remaining 17 species and 
may be confidently predicted for the rest (Fig. 5); 
no species is monophagous but only Mechanitis 
(and possibly Pteronymia) could be called poly- 
phagous (the rest are best regarded as quite nar- 
rowly oligophagous, especially in the chemical 
sense, as will be shown below). 

This pattern is a microcosm of the general pic- 
ture of food plant usage by the Ithomiinae (see 
Drummond & Brown, 1987), comprising about 
400 species x species interactions. Monophagy 
or narrow oligophagy is the rule at the present 
level of information, not only for local popula- 
tions but also for whole genera. A summary of 
all these data (Table 2) with chemical informa- 
tion added from many sources in the literature 
(with preliminary verification in this work, see 
Table 3) shows a reasonable specificity in the 
interactions between Ithomiinae and Solanaceae, 
at least at the level of genera of ovipositing fe- 
males and host plants. Most of the ithomiine 
genera are known at present from only one or 
two Solanaceae genera or subgenera of Solanum; 
even generalists like the common and ubiquitous 
Mechanitis show a strong preference for only two 
subgenera of Solanum in most sites. 

The records are still incomplete, however. Ith- 
отппе Ovipositions are not commonly ob- 
served, and 23 of the 52 genera are still repre- 
sented by three or fewer confirmed food plant 
records. The possibility cannot be discounted that 
the specificity patterns shown in Table 2 are pri- 
marily due to lack of adequate information. Con- 
fident patterns of food plant specificity are seen 
only in the well-documented interactions of the 
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FIGURE 5. Known and expected food plant relationships of Ithomiinae in the Campinas region, São Paulo. 
Heavier lines have all been verified in interbreeding populations occupying various habitats within a 5-km 
diameter circle between Campinas and Barão Geraldo; note prevalence of oligophagy and some polyphagy 
(Mechanitis, Prittwitzia, Pteronymia). Neither Ithomiine tribes nor Solanaceae genera are in evolutionary order 
(see Table 2 for this), but have been arranged so as to simplify the figure. 


FIGURE 6. Solanaceae of southeastern Brazil (photographed in Campinas, São Paulo unless otherwise indi- 
cated): Solanum. — A. S. mauritianum. —B. S. swartzianum. —C. S. capsicoides. — D. S. aculeatissimum. —E. S. 
robustum. —F. S. atropurpureum. - б. S. paniculatum. —H. S. теваосћиоп. —1. S. pseudoquina St. Hil. For 
authors' names, see Figure 5. 


FIGURE 7. Solanaceae of southeastern Brazil (continued). —Ј. Solandra grandiflora (cultivated). — К. Brug- 
mansia candida (cultivated; Jardim Botánico, Rio de Janeiro).—L. Markea (Dyssochroma) viridiflora (Sims.) 
Miers (Jardim Botánico, Rio de Janeiro). — M. Brugmansia suaveolens. — N. Brunfelsia australis. —O. Vassobia 
breviflora. — P. Acnistus arborescens.—Q. Cestrum laevigatum.—R. Cestrum intermedium (Joinvile, Santa Ca- 
tarina). 
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Known ( KS ) and presumed (———————- ) food-plant records 
for Ithomiinae in the region of Campinas, Sao Paulo, southeast Brazil 
(23° s, 48° w, 600-1,000 m) 
ITHOMIINAE FOODPLANT 
TITHOREINI: 
TITHOREA harmonia pesudethra Butler PELTASTES peltatus (Vell.) Woodson ы 
ш 
(NEW TRIBE): TEMNADENIA violacea Miers Q 
AERIA olena olena Weymer PRESTONIA coalita (Vell.) Woodson = 
PRESTONIA dusenii (Malme) Woodson & 


METHONINI: 
METHONA themisto (Hübner) 






PRESTONIA acutifolia Schum. 
p ________-__-_________________- 


BRUNFELSIA uniflora (Pohl) D. Don 


BRUNFELSIA 


(NEW TRIBE) pauciflora (Cham. & Schldl.) 
PLACIDULA euryanassa (Feld. & Feld.) _ BEREY: 
e aa BRUNFELSIA australis Benth. 
MELINAEINI: le ra hog => i 
MELINAEA ethra (Godart) чи 3%. DATURA stramonium: L, 
~ ~ š 
MELINAEA ludovica paraiya Reakirt mmi р 7 ~ BRUGMANSIA suaveolens (Willd.) Sweet 
Gw. > 7S 
ыы BRUGMANSIA candida Pers. 
EL ы RAT 
ITHOMIINI: hc. More SOLANDRA grandiflora Sweet 
ITHOMIA drymo drymo Hübner MEE e 







































ITHOMIA agnosia (agnosia Hewitson 
X zikani D'Almeida) 


NAPEOGENINI: 
EPITYCHES eupompe (Geyer) 


HYPOTHYRIS euclea (nina (Haensch) X 
laphria (Doubleday) 


HYPOTHYRIS ninonia daeta (Boisduval) 


MECHANITINI: 
THYRIDIA psidii cetoides (Ros. & 
Talb.) X pallida Godm. & Salv. 
X hippodamia (Fabr.) 


MECHANITIS polymnia casabranca Hnsch 


on WR 


ENS 
NS 


MECHANITIS lysimnia lysimnia (Fabr.) 


NS 


DIRCENNINI: 
DIRCENNA dero (rhoeo Felder X 
celtina Burmeister) 


(NEW TRIBE) 
PRITTWITZIA hymenaea hymenaea 
(Prittw.) 


EPISCADA philoclea (Hewitson) www 
EPISCADA carcinia Schaus —— 
VN 


PTERONYMIA carlia Schaus 


GODYRIDINI: 
PSEUDOSCADA quadrifasciata Talbot ww, 
PSEUDOSCADA erruca (Hewitson) 
HYPOLERIA adasa (Hewitson) wa 
HYPOLERIA plisthenes D'Almeida шшы. 


HYPOLERIA goiana D'Almeida 


MCCLUNGIA salonina salonina 
(Hewitson) 


MARKEA (DYSSOCHROMA) longipes (Sendtner) 
Miers 


ACNISTUS arborescens (L.) Schldl. 
VASSOBIA breviflora (Sendtner) Hunziker 
CAPSICUM flexuosum Sendtner 

NICANDRA physaloides (L.) Gaertner 
CYPHOMANDRA sciadostylis Sendtner 
CYPHOMANDRA divaricata Sendtner 
CYPHOMANDRA fragrans (Hook.) Sendtner 
CYPHOMANDRA crassicaulis (Ortm.) Kuntze м 
= LYCOPERSICON esculentum Miller 
NX SOLANUM mauritianum Scop. 
SOLANUM 
SOLANUM 
М SOLANUM 


granuloso-leprosum Dunal 


concinnum Schott ex Sendtner 


SOLANACE 


megalochiton C. Martius 
SOLANUM 
SOLANUM 
SOLANUM 


murinum Sendtner 


swartzianum Roemer & Schultes 
melongena L. 

SOLANUM paniculatum L. 
SOLANUM 


SOLANUM 


asperolanatum Ruiz & Pavón 
robustum Wendl. 

SOLANUM variabile C. Martius 
SOLANUM insidiosum C. Martius 


SOLANUM brusquense Lyman B. Smith & Downs 


SOLANUM arcuatum Sendtner 
SOLANUM 


SOLANUM 


viarum Dunal 

capsicoides А11. 
SOLANUM atropurpureum Schrank 
SOLANUM 
SOLANUM 


SOLANUM 


jatrophifolium Dunal 
aculeatissimum Jacq. 
pseudocapsicum L. 

SOLANUM caavurana Vell. 
CESTRUM schlechtendalii G. Don 
CESTRUM 


CESTRUM 


laevigatum Schldl. 


sendtnerianum C. Martius 
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genera Tithorea, Elzunia, and Aeria (with Apoc- 
ynaceae: Parsonsieae), Methona, Melinaea, 
Thyridia, Mechanitis, Hypothyris, Ithomia, Dir- 
cenna, Pteronymia, and Greta. At a higher level, 
almost all members of the last two tribes show 
collectively a strong specificity to Cestrum and 
surprisingly also to the distant section Geminata 
of Solanum. It is probable that more work will 
provide more evidence of the restriction of Na- 
peogenes to Lycianthes and confirm the nascent 
patterns in Placidula, Scada, Epityches, Oleria, 
and Callithomia, but this is mere speculation at 
this time. 

At the species level, Mechanitis females tend 
to divide up the local Solanum, resulting in min- 
imal overlapping of oviposition (see Drum- 
mond, 1976; Haber, 1978; Vasconcellos-Neto, 
1980, 1986), but the divisions do not coincide 
with simple taxonomic lines in the plants. They 
also vary from area to area and are not correlated 
with larval choice or survivorship in experi- 
ments, indicating an unstable ecological deter- 
mination of the partition. 

Though the butterflies may be able to recog- 
nize their food plants, biologists have greater dif- 
ficulty in Solanaceae identification, even to the 
genus level, which may result in some spurious 
patterns in Table 2. In 1969, a top Solanaceae 
taxonomist identified for me a specimen from 
near Rio de Janeiro as a Capsicum on the basis 
of its cleft anthers, but both S. Knapp (pers. 
comm.) and I regard this plant as Solanum (sect. 
Geminata) caavurana. The "diagnostic" trait in 
this case may have been an artifact of the drying 
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method used for the specimen. If such evolu- 
tionarily distant and chemically distinct taxa 
could be potentially confusing to an experienced 
expert, how will they appear to the average field 
biologist who, having just observed a female ith- 
omiine oviposit on a (presumably solanaceous) 
bush with glabrous entire leaves and no flowers, 
faces the maze of complex and confusing tax- 
onomy in the family? This plant could be placed 
preliminarily in over 30 genera, five with over a 
hundred species and one with over a thousand. 
Thus the “solid” data base for host plant usage 
in Table 2, from which a number of completely 
unlikely records have already been purged, may 
yet suffer fundamental modifications with fur- 
ther work. 


COEVOLUTION AND PHYLOGENETIC 
DIVERSIFICATION 


An attempt to relate the phylogeny of the Ith- 
omiinae with that oftheir larval food plants, such 
as was done with reasonable confidence and re- 
sults for the nymphaline tribe Heliconiini (Ben- 
son et al., 1976), has met with very little success 
(Drummond, 1986; Brown & Drummond, in 
ргер.; Drummond & Brown, 1987). Only the 
broadest pattern can be seen in the progression 
from Apocynaceae to Solanaceae (with Gesne- 
riaceae in the middle to provoke the imagina- 
tion). The most primitive ithomiine genera to 
use Solanaceae (Athesis, Methona, Olyras, and 
Melinaea) feed on the genera regarded as highly 
advanced in this family. Two large tribes (Me- 
chanitini and Napeogenini) run their food plant 
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Ficure 8. Juveniles of Ithomiinae with food plant and locality. A-J, N-O. Eggs, about 0.6-1.0 mm high.— 
К-М, P. R. Second instar larvae, about 4-7 mm long.—Q. Adult ovipositing (photo J. Vasconcellos-Neto). — 
S-DD. Fourth or fifth instar larvae, about 20-35 mm long.—EE. Prepupa and pupa. А. Tithorea harmonia 
pseudethra (Prestonia? sp.), Piracanjuba, Goiás. — В, U. Aeria olena (Prestonia coalita), Campinas, SP.—C, AA. 
Napeogenes sulphurina Bates (Lycianthes sp., a vine), Ipojuca, Pernambuco. — D, CC. Garsauritis xanthostola 
Bates (Solanum sp., note simple hairs), Faro, Pará. —E, BB. Hypothyris daphnis amapaensis Brown (Solanum 
asperum), Lourenço, Amapá.—F, DD. Oleria astrea thiemei (Oberthür) (Solanum stagnale Moricand), Catu, 
Bahia.—G, Z. Ceratiscada canaria Brown & D'Almeida (Solanum laxiflorum Sendt.), Santa Teresa, Espírito 
Santo. — H. Pteronymia hemixanthe (Feld. & Feld.) (Solanum subg. Brevantherum?), Ubatà, Bahia. — I, R. Me- 
chanitis lysimnia (Solanum subg. Leptostemonum), Brasilia, DF.—J, M, O, P, Y, EE. Hypothyris euclea laphria 
(Solanum asperum), Linhares, Espirito Santo. —K. Melinaea menophilus ssp. (Markea ulei (Damm.) Cuatr., 
originally reported as “Forsteronia зр.”), Jaru, Rondónia.— І. Mcclungia salonina (Cestrum sendtnerianum), 
Sumaré, SP.—N, Q. Mechanitis polymnia casabranca (Solanum nr. rugosum, Solanum variabile), Brasília, DF 
and Sumaré, SP.— S. Mechanitis polymnia angustifascia Talbot (S. goodspeedii), Caranavi, Bolívia.— T. Tithorea 
harmonia moppa Bryk (Prestonia? sp.), Belém, Pará.— V. Melinaea ludovica (Cr.) (Markea sp.?), Belém, Pará.— 
W. Methona themisto (Brunfelsia australis), Campinas, SP.— X. Methona confusa psamathe Godm. & Salv. 
(Brunfelsia grandiflora D. Don), Barinitas, Venezuela. T and V are from watercolors by Emily Fountaine, 
preserved in the British Museum (Natural History). Solanologists are requested to photograph and rear through 
to the adult or to preserve in alcohol any eggs (with ridges as in A—J) or larvae of these types found on identifiable 
plants and send them to B. Drummond or K. Brown for identification and registry in the data bank for Table 2. 
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TABLE2. Approximate number of known interactions (species x species) between Ithomiinae and theirlarval 
food plants, with data on plant chemistry (Figs. 1, 2) and on attraction to pyrrolizidine alkaloid sources. 








Plant Families: бепега”” (no. species) 

















1 Solanaceae 
Attraction 
to: Solanum (1000) 
= e 
8 š а +. £952 2 = OB 5 ВЕНЕ 
Ча в ба 85585 ў s Яса аас § 
4539 5445 бна ESS ESE § 3 Еве 29635 TO; Š a 
ibi Е тту І а isi Е š 
£3 SES БЕЗЕБ S S г Š $ SS š 2828558 SER E E 
Alkaloids (Fig. 1) 
Indoles, 
Steroids, 
rona PAs (3E-I) ? ~ ABFLH ---- BL ABCL BL BC?L C? АВС BC BCP С ВС С? LC ВСЕ 
its Other Chemical Constituents (Fig. 2) 
Ithomiinae: Cardiac 
Tribes, Сепега““ glycosides, 
(no. species) XYZ WY ~ RTUWXYZ =R? Z RWXY YQ? Q QSY QY QYZQR XY XY RWXYZ XY 
A. Tellervini* 
Tellervo (1 l 1 5 
В. Tithoreini 
Elzunia (2) l 7 4 
Tithorea (2)" 1 l 16 17 
С. (New Tribe) 
Aeria (3) 2 3, 8 
D. (New Tribe) 
Athesis (1) l l 1 
E. Methonini 
Methona (7)" l l 12 
F. (New Tribe) 
Placidula (1) 2 3 1? 6 
G. Melinaeini 
Olyras (2) 2 2 17 І 
Eutresis (2) 2 2 I? 1 
Melinaea (10)" 2 2 D 9 
H. Mechanitini 
Thyridia (1) 2 3 6 
Sais (2) l 3 1 
Scada (6) l 3 13 
Forbestra (3) 1 3 1 
Mechanitis (5)™ l 3 3 1556 ! 7 2 17 1 
І. Oleriini 
Hyposcada (8) 2 3 1 
New genus (3) 1 1 1 
Oleria (30) 2 3 148 3 
J. Napeogenini 
Epityches (1) 2 3 2 l 2 
Rhodussa (1) 2 3 171 
Napeogenes (18)" 2 3 1? 8 
Garsauritis (1) 2 3 4 
Hyalyris (16) 2 3 2; А 
Hypothyris (16)" 2 3 1 2413 1 
K. Ithomiini 
Miraleria (1) 2 3 l 2 1 
Ithomia (21)" 2 3 2 2 Іі 3 5 
L. Dircennini 
Callithomia (3)" 3 3 | 3: 4 
Velamysta (3) 3 3 1 
New Genus (1) 2 $ l 
Dircenna (7)" || 3 14 17 
Нуаетпа (5) 3 3 1 
M. (New Tribe) 
Ceratinia (5) 3 3 3 3 
Ceratiscada (3) 2 3 2 
Prittwitzia (1) 2 3 3 1? 5 
Episcada (1 5)" 2 3 4 
Pteronymia (41)" 3 3 25 3 3 2 
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TABLE 2. Continued. 
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Plant Families: Genera*^ (no. species) 








Solanaceae 
Attraction 
10: Solanum (1000) 
aa “Ж ау x ~ 
Ithomiinae: = S g За š Б. @ - E. uus с S um = 
Tribes, Generat“ ве З о. в БЕ 5 E 8 =. * S = 4 oe e di Per гиз Ф S 
o; species) 890. Susi бча Ess ES 8 § З а збе 9998 аз Š з 
АР ёй ESSE ЗЕЕ СВУ Е E ЕЕ 3339523 ўз Е Ë 
НАНЕСЕ НЕ НЕ ЗНАТЕ 
= ` = = E M 3 = 
деле Sts SSS 3524 32 2 б 5 Os £ ЗАЗА: 331 Š à 
G И Ыы ань ага i 2 T i = 
N. Godyridini 
Godyris (10)" 3 3 3 5 
Pseudoscada (6)" 2 3 5 
Hypomenitis (6) 2 3 2 
Greta (10) 2 3 l l 16 
H ypoleria (1 1)" 2 3 1 6 
Mcclungia (1) 2 3 3 
Heterosais (3)" 3 3 3 


eee A en ا‎ on > празна == = == == =  — T 

a Families are in approximate order of advancement and genera of Solanaceae in order according to Hunziker 
(1979), from primitive to advanced. 

> In addition to Nicotiana (see note i, below), important Solanaceae genera available to Ithomiinae in tropical 
America for which no food plant records are yet known include Jaltomata, Athenaea (but probably used by 
Epityches and Ithomia), Larnax, Saracha, Iochroma, Salpichroa, Jaborosa, Lycium, Grabowskia, Trianaea, 
Sessea, Metternichia, Petunia, Fabiana, Nierembergia, Bouchetia, Protoschwenkia, Schwenkia, Melananthus, 
Parabouchetia, Leptoglossis, Browallia, Streptosolen, and Heteranthia. 

с | — weak attraction usually including both sexes, 2— males strongly attracted, 3— males strongly and females 
regularly attracted. 

4 Tribes and genera follow the order of Mielke and Brown (1979) as modified by Brown (in prep.), from 
primitive to advanced (including genera within each tribe). 

* No food plants have yet been recorded for the following genera of Ithomiinae (number of species in paren- 
theses). * = Andean genera, usually of high-altitude cloud forests, though Roswellia extends out into the foot- 
hills. Tribe D. *Roswellia (1), *Patricia (2).— Tribe б. Athyrtis (1).— Tribe H. Paititia (1).— Tribe І. *a new 
genus near Hyposcada (1).— Tribe J. *Aremfoxia (1).— Tribe K. * Pagyris (1).— Tribe N. *Dygoris (1) and *Ve- 
ladyris (1). Total, 9 genera with 10 species. 

The recent divisions of these two genera into a number of smaller genera (Hunziker, 1979), most of them 
used by the same Ithomiinae, are here included under the collective older names. 

е Restricted to the Old World tropics, regarded by some as closer to the Danainae than the Ithomiinae (see 
Ackery & Vane-Wright, 1984). 

^ Food plant patterns are constant from the northern to the southern extremes of the range of the genus, usually 
from Central America to southern Brazil (total of 18 genera). 

' Ovipositions of Mechanitis polymnia casabranca were observed in Campinas, Sào Paulo, on cultivated 
Capsicum annuum L. and feral Nicotiana (rosette only), but the larvae did not grow on these plants. 

i The published structure for “Пореапіпе” (1E) is biogenetically and chemically implausible and does not agree 
with the data presented in the original study (Iyer, 1978); the alkaloids of Brunfelsia are presently under 
investigation. 


phylogeny backwards (more advanced butterflies 
use increasingly primitive plants). And although 
the most morphologically advanced ithomiine 
genera concentrate on the relatively advanced 
Cestrum, they use equally well the supposedly 
primitive section Geminata of Solanum (Table 
2). That the neotropical Ithomiinae represent a 
widely diversified butterfly group (51 genera in 
13 tribes) could help explain why a comparison 
of their host plant utilization patterns with those 
ofthe 65 rather homogeneous species in no more 
than ten genera of the single tribe Heliconiini 


does not lead to a fruitful parallel. The patterns 
for the Ithomiinae are complex, and the arrange- 
ment of the plant groups in Figure 5 so as to 
produce a maximum parsimony scheme (lowest 
number of crossing lines in the middle) has pro- 
duced some strange and thought-provoking 
proximities between genera normally widely sep- 
arated; note especially the positions of Brunfelsia 
and Cestrum. 

While the Solanaceae indeed may have rep- 
resented a new field for adaptive radiation of the 
Ithomiinae in the New World, it is probable that 
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the plant family was already very diversified 
chemically and taxonomically before the butter- 
fly subfamily began to move onto it. A large 
number of available genera (at least 24) are still 
not known to be attacked by Ithomiinae (see 
Table 2). Furthermore, the genus Brunfelsia, re- 
garded as a relatively advanced member of the 
Solanaceae, apparently entered the Caribbean 
area and diversified greatly (as section Brunfel- 
sia) before Methona, a relatively primitive ith- 
omiine genus in a monotypic tribe, could evolve 
as a specialist herbivore on it (Plowman, 1979, 
p. 489). It is possible, however, that the extensive 
speciation verified in Solanum and Cestrum 
eventually may be related to their heavy use by 
a variety of Ithomiinae (Table 2). This can be 
investigated only by careful chemical analysis 
and bioassay with larvae, following in parallel 
two independently developing phylogenetic lines 
of species or populations that show specific in- 
teractions. 

Further considerations of the incongruities be- 
tween phylogenies of genera of Solanaceae and 
Ithomiinae are presented in Brown & Drum- 
mond (in prep.). 


BIOCHEMICAL COEVOLUTION 


The taxonomic diversification of the Solana- 
ceae has been accompanied by an impressive 
diversification in secondary chemicals, leading 
some to suggest polyphyly for the family as pres- 
ently constituted. Indeed, no other plant family 
can challenge the Solanaceae in having alkaloids 
representing all four major biosynthetic path- 
ways (lysine-ornithine, phenylalanine-tyrosine, 
tryptophan, and steroid), an equal number of less 
important pathways (nicotinic acid, anthranilic 
acid, glycine, acetate), and a further set of aber- 
rant or combined sources unique to the family 
(leading to capsaicins, solanines, withasomnine, 
and hopeanine) (Fig. 1), not to mention more 
common amines such as choline, noradrenaline, 
and hypoxanthine; some species also produce 
very toxic peptides. As 15 often the case, these 
alkaloid-rich plants are singularly poor in lower 
(volatile) terpenes, but some Datura, Сурћо- 
mandra, and especially Cestrum and Solanum 
section Geminata share a similar and abundant 
pungent oil that may include terpenes. Diter- 
penes and triterpenes abound in some Solana- 
ceae, and nonalkaloidal steroids are represented 
as saponins (such as diosgenin glycosides) and 
withanolides/physalins, unusual steroidal lac- 
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tones with marked biological activity (Fig. 2). 
Flavonoids and coumarins also are documented 
amply in diverse members of the family (Fig. 2; 
Harborne & Swain, 1979), and further phenolics 
and their glycosides (including tannins) are al- 
most always found when sought in polar extracts. 
The C,,; alcohol solanesol is an unusual unsat- 
urated linear nonaprenol (Fig. 2). Lacking are 
reports of cyanogenic glycosides, cardenolides, 
glucosinolates, nonprotein amino acids, and ir- 
idoid glycosides, but their absence cannot be de- 
finitively affirmed because few phytochemists 
have specifically sought them in the Solanaceae. 

Thus the plants in this family are well defended 
chemically and attacked by rather few insect her- 
bivores other than Ithomiinae (Table 1). The only 
ones that seem to promote similar damage in 
natural systems are generalist grasshoppers and 
meloid beetles, perhaps molluscs in more cal- 
cium-rich areas, and specialist chrysomelid bee- 
Џез. The plants also at times are defended ad- 
mirably against vertebrate chewers by prickles 
(Symon, 1986) but these have very little effect 
on smaller invertebrates, who walk and chew 
around them or build silken pads over them. 
Other defenses (tough leaves, glandular tri- 
chomes) are more effective against invertebrates 
(Vasconcellos-Neto, 1980, 1986), as may be fur- 
ther quantitative defenses (tannins, amino-acids, 
and resins) and a host of ecological strategies such 
as phenology (see Vasconcellos-Neto, 1986) hab- 
itat, growth form, seed dispersal by chiropte- 
rochory, and encouragement of spiders and pred- 
atory pentatomids on the leaves, among others 
observed in Brazil. 

When the generic preferences of the butterflies 
are analyzed in terms of plant chemicals (Table 
2), the associations seem to show patterns, though 
the data are still chemically and biologically very 
incomplete. There appears to be a certain ten- 
dency toward chemical specificity, at times with- 
out reference to taxonomic relationship (as in the 
similarly potent-smelling Solanum sect. Gemi- 
nata and Cestrum). It seems probable that female 
Ithomiinae search for and find specific chemical 
cues for oviposition on certain genera of Solan- 
aceae and may be led to place eggs on unrelated 
plants with similar chemicals. What else would 
permit a Mechanitis polymnia female in Cam- 
pinas in May 1981 to recognize a small Nicotiana 
plant in Monjolinho as a potential Solanaceae 
host, or to oviposit on Capsicum annuum in my 
garden, especially when the larvae survived on 
neither? (The first shares nicotine and the second 
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steroidal glycoalkaloids with a usual host, So/a- 
пит mauritianum.) Based on the patternsin Та- 
ble 2, some still unknown chemical may be pre- 
dicted to set Solanum subgenera Bassovia, 
Potatoe, and Lycianthes apart from all other So- 
lanaceae (see Napeogenes, Oleria, and Calli- 
thomia) and possibly associate Lycianthes with 
the withanolide-elaborating genera (see Ithomia) 
and even with Solanum sect. Geminata (Ptero- 
nymia uses both). 

Further support for some degree of chemical 
mediation at the oviposition sector of the inter- 
face comes from the broad geographical consis- 
tency of the more specific relationships, at least 
from Mexico through Costa Rica and Ecuador 
to south Brazil for the 18 genera for which food 
plants are known over this range (Table 2; Drum- 
mond & Brown, 1987). This surely must have 
been established over long evolutionary time in 
developing phyletic lines of the butterflies. The 
chemical proximity of disparate taxonomic 
groups of plants, treated as interchangeable by 
ovipositing females, also supports a chemical 
mediation at the interface. In order to separate 
this possible evolutionary component in food 
plant usage from the ecological noise in the sys- 
tem, careful comparative tests with free-flying 
females must be performed under controlled 
conditions, coupled with larval feeding prefer- 
ences in multiple-choice tests, and thorough 
chemical analysis of all potentially active com- 
pounds in the food plants chosen or rejected. 

The patterns broadly reflected in Table 2 and 
supported on a local scale by Figure 5, however, 
do not support any easily envisioned hypothesis 
of mutual interaction and fine coevolutionary 
adjustment between the two groups at a taxo- 
nomic level. Although some regularity in chem- 
ical cues for oviposition and chemical specificity 
is suggested, the data are still very limited and 
give little support for parallel diversification in 
the two groups. Much more complete biological 
and chemical information will be necessary be- 
fore any claims of biochemical coevolution can 
be advanced at this plant/herbivore interface. The 
present information already seems to falsify many 
attractive and conventional hypotheses. 

In view of the fact that Ithomiinae populations 
probably are controlled principally by certain 
limiting adult resources (suitable humid open- 
understory “pockets” and sources of PAs, see 
below), they may exert very little, ifany, selective 
pressure for chemical and phylogenetic diversi- 
fication on their host plants. In any case, the 
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specific choices seem to vary appreciably with 
local ecological conditions. Under a moderate 
degree of Ithomiinae attack, some Solanaceae 
even respond by vigorous new growth and flow- 
ering (especially in Brunfelsia and in section Bre- 
vantherum of Solanum). Under these conditions, 
it is difficult to establish the most basic prereq- 
uisites for “classical” coevolution between her- 
bivores and host plants. 


AN ALTERNATIVE HYPOTHESIS: SEQUENTIAL 
COLONIZATION BY CHEMICAL ADAPTATION 
(TABLE 4) 


The results of chemical extraction, fractiona- 
tion, and Biblis/ Nephila bioassay of 48 ithomiine 
host plants are presented in Table 3. In the cases 
investigated so far the Solanaceae have shown 
in their leaves the compounds already reported 
or presumed for each species, in good quantities. 

If these chemical characteristics of the host 
plants are combined with the utilization patterns 
in Table 2, a most suggestive picture emerges, as 
summarized in Table 4. Nothing is known of the 
paleophytochemistry of these plants beyond the 
global variation in secondary compounds seen 
in widespread geographical populations of each 
genus today, but it may be presumed that they 
were diversified generically before Ithomiinae 
began attacking them in the New World (since 
the most advanced genera were attacked first) 
and probably similarly protected chemically to 
modern species. 

It then becomes possible to trace a series of 
small hypothetical advances in larval toleration 
of food plant chemicals, each facilitated by pre- 
adaptations on the existing host plants, which 
lead to a complete picture of chemical specificity 
as observed today (Tables 2, 4). The scheme is 
clearly oversimplified but is attractive as a hy- 
pothesis for the sequential colonization of plant 
hosts, already diversified taxonomically and 
chemically, by progressively adapting herbivores 
(Futuyma, 1983). It is in excellent agreement with 
the great diversity and apparent nonstorage by 
herbivores of the Solanaceae chemicals and the 
initial dependence of the Ithomiinae stock on 
PAs (see below). 

Thus, Apocynaceae-feeding Ithomiinae de- 
pendent on PAs probably did not adapt suffi- 
ciently to the great chemical variability in the 
Parsonsieae (seen today also), which in some cases 
repelled or poisoned larvae, in others left adults 
unprotected against predators and deficient in 
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PA-derived sex attractants and other phero- 
mones (Fig. 3D). Adults increasingly exploited 
PA sources (Boraginaceae leaves, Compositae 
flowers) and may even have found some substi- 
tutes for PA precursors in Solanaceae (Brunfel- 
sia?). Since they were preadapted to bicyclic 
8-carbon monoester alkaloids and their N-oxides 
(both PAs and tropanes fall under this classifi- 
cation), the generally well-protected, tropane-rich 
Solanaceae represented an open niche. At least 
two separate radiations could have moved onto 
these plants (discussion of the move over onto 
the Gesneriaceae must await further biological 
and chemical study of Hyposcada and its food 
plants; the move onto Brunfelsia, whose alka- 
loids are still enigmatical, was probably a side- 
track of one of the radiations). The line that col- 
onized the tropane-containing Brugmansia 
(represented by Placidula and Miraleria today) 
also encountered in these plants the steroidal bit- 
ter principles, to which they were also preadapted 
through their experience with cardenolides in the 
Apocynaceae. Tolerance of these bitter steroids 
permitted further colonization of the many gen- 
era defended by them, most of which also contain 
tropane alkaloids, sometimes with N-oxides. 
Utilization of Capsicum by this line also gave a 
gateway, through its steroidal glycoalkaloids and 
saponins (Table 2), to the immense and under- 
utilized resource represented by Lycianthes and 
Solanum, on which the more advanced genera 
persist today. 

The second radiation found tropanes initially 
in Solandra and relatives, and thence in Cy- 
phomandra, on which it adapted to tolerate the 
steroidal glycoalkaloids also present there and 
initiated tolerance of pungent oils. This permit- 
ted a similar colonization of Lycianthes and 
Solanum (Sais, Scada). As a final step, adapta- 
tion to saponins and strong-smelling oils present 
in some Solanum (especially section Geminata 
and relatives) permitted exploitation of the 
abundant Cestrum in the forest understory. In 
all cases, tolerance of toxins encountered pre- 
viously in the evolutionary history of each line 
could be maintained as new enzymes were de- 
veloped to detoxify progressively more effective 
classes of plant defensive chemicals, in many 
cases not correlated strictly with taxonomy and 
evolution of the plants. Indeed, some of the more 
primitive genera— possibly with a broader range 
of biosynthetic capabilities, according to present 
concepts of biochemical evolution in plants— 
seem to have been the last to be colonized by 
the most advanced Ithomiinae. 
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Persuasive evidence for this hypothetical sce- 
nario (Table 4) can come only from extensive 
studies of female oviposition preferences and lar- 
val tolerance of food plants or chemical com- 
pounds. Preliminary data (Table 2) and some 
initial experiments are encouraging: Placidula 
cannot eat So/anum, nor does Aeria accept any 
Solanaceae, but Mechanitis can use tropane- and 
withanolide-containing plants (Datura, Nican- 
dra), and some Cestrum-feeders continue to use 
Solanum and even Lycianthes. Experiments in 
this area inevitably will encounter problems re- 
lated to individual and local adaptation, lateral 
radiation (as onto Brunfelsia), and loss of ances- 
tral genes but should in the long run help to define 
the viability of this proposed sequential expan- 
sion of Ithomiinae through progressive chemical 
tolerance to Solanaceae food plants. 


HERBIVORES AS PHYTOCHEMISTS 


The chemosensory apparatus of the average 
insect is capable of detecting very small amounts 
of specific chemicals, either through smell (an- 
tennae) or taste (tarsal or buccal chemorecep- 
tors). This highly specialized analytical instru- 
ment transforms chemical structures into 
recognizable electrical potentials through me- 
chanical contact between compound and recep- 
tor and uses these potentials to stimulate a va- 
riety of response behavior sequences. It can be 
fooled at the receptor end by substances of dif- 
ferent chemical composition but similar confor- 
mation and spatial relations among active bind- 
ing sites. It is far more sensitive and accurate, 
however, than the majority of the instruments 
in the modern phytochemist’s laboratory. Its 
specialization is selected over many generations 
of advantages accrued by those who could rec- 
ognize a few chemical compounds and thereby 
compete better for higher quality food, defense, 
or mates. 

To the extent that ovipositing female Itho- 
miinae seem to demonstrate an appreciable spec- 
ificity in host plant recognition (Table 2), which 
involves use of chemoreceptors on the forelegs 
(““drumming” on leaves) and antennae, they can 
serve as precise analytical tools for the phyto- 
chemist. If some chemical patterns are already 
evident on a very rough scale in the food plant 
choices of the Ithomiinae (Table 2), these could 
be used to suggest analytical methods for still- 
uninvestigated Solanaceae and predict chemicals 
in others that have undergone only preliminary 
analysis. 
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TABLE 4. Possible scheme for sequential colonization of Solanaceae by Ithomiinae through progressive 


preadaptive tolerance of secondary chemical classes. 








Step Ithomiines (genera) Plants Colonized Substances Tolerated 

l Tellervo, Elzunia, Apocynaceae: Parsonsieae 3E-K: PAs and N-oxides 
Tithorea, Aeria (Parsonsia, Prestonia, etc.) ЗА-В: Cardenolides 

2a Athesis, Placidula, Solanaceae: Brugmansia, 1C: Tropane alkaloids and 
Miraleria Capsicum ciliatum | || N-oxides 

2b Olyras, Melinaea, Juanulloa, Markea, š 2Q: Bitter steroids 
Hyposcada Solandra | | PA precursors? 

2c Methona Brunfelsia 

3a Epityches, Ithomia Acnistus, Physalis, etc. IC + much 2Q (varieties) 

further Capsicum | | Some IL: steroid alkaloids 

3b Thyridia, New genus Cyphomandra 1С, 1L, 2R: saponins 

4a Napeogenes, Rhodussa, Lycianthes, Solanum subgen. | 1L: glycoalkaloids 
Oleria Bassovia, Potatoe (sect. | 

4b Scada, Sais, Forbestra; Jasminosolanum) | 2R; 1А; possible 1С 
Callithomia 

5a Garsauritis, Hypothyris, Solanum (subgenera Leptoste- IL, 2R, 1А; occasional 
Hyalyris monum and Brevantherum) nicotine, pungent oils 

5b Mechanitis, Dircenna, 
Pteronymia 

6b Ceratinia, Pteronymia, Solanum (sect. Geminata), IL, 2R; 2Z: pungent oils 


Godyris, Hypoleria, Cestrum 


Pseudoscada, Greta 





For example, it could be predicted that the 
Solandra-Markea-Juanulloa group of genera, 
which support the danaioid larvae of Melinaea 
(Fig. 8K, V), might have some protective chem- 
icals similar to those of Apocynaceae-Parson- 
sieae; and these chemicals should be more stor- 
able by larval insects than the usual run of 
Solanaceae chemical compounds. These have yet 
to be identified (cardenolides are strongly sus- 
pected) and should be investigated. Similarly, the 
strong-smelling essential oil of Solanum sect. 
Geminata should be chemically very similar to 
the like-smelling oil of Cestrum; this also seems 
to have escaped chemical identification. With- 
eringia could have been predicted to show phy- 
salins by Ithomia, which also recognized these 
chemical components with withanolide-struc- 
tures in Physalis and divided its specificity among 
Acnistus and these genera. Since both /thomia 
and Epityches use wild Capsicum species, these 
should surely contain a withanolide-like com- 
pound; at least one major substance, possibly 
with this type of structure, is present in the neu- 
tral fraction (A) of two Capsicum species inves- 
tigated (Table 3). 

Do the genera Deprea and Athenaea contain 
withanolides also? Start by testing some coop- 
erative females of Ithomia and Epityches. Are 


any other Solanaceae besides Datura/Brugman- 
sia especially rich in scopolamine? One could 
begin with some Placidula females or perhaps 
even larvae. If the latter were found on a Sola- 
num or Cestrum, I would bet on the presence of 
tropanes in the leaves. Are there glyco-alkaloids 
in Dunalia? I might start by asking Hypothyris, 
known only from Solanum, or perhaps even 
Pteronymia, which specializes on the high-al- 
kaloid (Bradley et al., 1979; Table 3) Geminata 
section of Solanum. This analysis could be ex- 
tended even to individual constituents once ap- 
propriately specialized populations of Ithomi- 
inae have been identified. It may also give some 
false results, but these will hold even more in- 
terest than the expected ones, pointing out new 
types of plant components. As a preliminary sur- 
vey, it should be strongly suggestive of certain 
types of chemicals. 


CHEMICAL CONTRIBUTIONS OF THE 
SOLANACEAE TO PREDATOR DEFENSE 
IN THE ITHOMIINAE 


ITHOMIINE CHEMISTRY 


Chemical investigation of the passage of So- 
lanaceae toxins to adult Ithomiinae started with 
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TABLE 5. 


Tribe 


Genus 


ITHOMIINAE® 


B 
G 


E 
F 
G 


Тићогеа" 
Aeria" 


Methona" 
Placidula" 
Olyras" 

Melinaea* 


Thyridia 
Sais 
Scada 


Mechanitis 


Hyposcada 
Oleria 


Epityches 
Rhodussa 
Napeogenes 


Garsauritis 
Hypothyris 


Ithomia 
Callithomia" 
Dircenna 
Ceratinia 
Ceratiscada 
Prittwitzia 
Episcada 


Hyalenna 
Pteronymia" 
Godyris 
Pseudoscada 
Greta 
Mcclungia 
Hypoleria 
Heterosais 


DANAINAE 


Danaus (Апоѕіа)" 
Danaus (Danaus) 
Пипа" 

Lycorea" 
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No. of spp. 
Ana- 
In Genus lyzed 

2 l 
3 3 
7 5 
l l 
2 l 
10 7 
l l 
2 1 
6 2 
5 5 
8 4 
30 13 
l l 
l l 
18 8 
1 l 
16 13 
21 7 
3 2 
7 4 
5 4 
3 2 
1 1 
15 5 
5 1 
41 10 
10 3 
6 4 
10 1 
1 1 
11 10 
3 3 
2 2 
І (5.А.) 1 
l l 
2 2 


Typical Species? 


harmonia? 
olena! 

elara 
themisto'’ 
euryanassa* 
crathis* 
mneme 
ludovica* 
тепорћ их 
psidit' 
rosalia' 
reckia* 
karschina 
polymnia 


lysimnia 
ерта“ 
astrea 


eupompe* 
cantobrica 
cyrianassa 
inachia 
xanthostola 
ninonia daeta* 
euclea"'& 

(males attracted) 


agnosia‘ 
lenea xantho* 
dero* 

neso” 

doto 
hymenaea“ 
clausina 
carcinia 
pascua“ 
carlia* 
zavaleta 
erruca* 
andromica" 
salonina* 
arzalia 
nephele 
giulia 


gilippus' 
plexippus 
ilione 
cleobaea 


Source? 


VB 
С 
а 
C 
C, J, SL 
V 
RO 
M 
RO 
С 
G 
RO 
ES 
C 


M 
C 
M 


= m > O = = 
ОРО о 


= 
° 


, 


Qo«ogo-cogoggEogo«zoox 


<< 
= 
Aw 
° 


CHO ао 


Host Plants: 


45 
43, 44 
43 
41, 42 
33 
37 
36 
36 
37 
20, 21 
19 
16 
16 
6-13 


14 

13-15 

36 

12 

12 

25-31 

18 

18 

18 

13-14 
5-14 


10 
10 
30, 31 
16 
6-13 


38 
39 
38 
39 
39 
40 
40 


Oxypetalum 
Asclepias 
Ficus 

Ficus 
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Summary of PA content and distribution, and bioassay of adult Ithomiinae and Danainae. 


Number 
Analyzed 


21/16 
31/20 
10/15 
36/27 
24/17 
4/2 
5/4 
50/1 
15/15 
10/10 
12/12 
35/13 
15/4 
44/37 


12/12 
28/14 
11/1 
4/12 
13/7 
30/33 
17/9 
10/8 
10/11 
48/20 
51/40 
22/22 
16/12 
17/14 
29/38 
18/21 
29/18 
24/24 
6/7 
10/12 
17/14 
25/29 
1/9 
31/17 
10/9 
31/28 
4/4 
11/11 
8/4 
16/11 
7/4 


25/16 
22/14 
6/5 
12/11 
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TABLE 5. Continued. 


а ж 
نے‎ 


Individual PA Analysis (4/9)? Other Fractions 


Average Maximum Bioas. 
Dry ui Average PA conc. (% av. ея. — Fract. Re- 
(mg) (% N-Ox.) dry wt.) A (neut.) C (polar) F (fat) Tested sults' 
60/75 0.3/0.3 (48/45) 0.9/0.6 8.4 8.4 13.9 Ex + 
9/13 2.5/1.6 (55/55) 7.1/4.0 3.9/5.2 14.7/15.8 13.9/16.3 Ex + 
9/13 1.3/1.1 (61/57) 1.9/1.9 NT 
100/120 0.06/0.1 (41/48) 1.6/0.9 3.2/1.9 7.2/7.0 10.8/26.6 Ex + 
54/65 0.2/0.2 (48/48) 1.6/0.9 Ex +* 
110/110 1.2/0.3 (54/49) 1.8/0.5 NT 
55/60 6.3/1.2 (54/49) 10.5/1.5 NT 
55/60 0.6/1.3 (57/59) 2.5/— 5.9/3.7 7.2/9.6 15.7/13.9 Ex + 
55/60 3.6/1.3 (50/49) 6.5/4.4 МТ 
64/70 2.7/2.2 (70/68) 5.1/3.9 3.5/4.3 9.3/7.1 12.3/20.7 Ех + 
25/27 3.6/1.6 (59/58) 6.8/3.6 7.0/7.2 12.7/7.4 20.7/21.6 Ех + 
6/7 9.7/3.2 (47/54) 20.6/5.3 МТ 
8/9 13.1/6.7 (61/65) 20.0/10.4 МТ 
33/45 1.8/2.4 (60/60) 5.8/4.0 8.9/5.8 6.4/6.7 14.1/23.8 Ex, B, C + 
September: 5.6/6.1 5.4/3.0 9.7/18.9 A, F = 
35/45 4.4/2.9 (58/57) 7.6/4.7 6.2 8.3 10.7 NT 
25/35 3.8/1.8 (50/55) 8.8/6.4 Ex + 
20/22 0.7/0.2 (51/48) 3.8/— NT 
13/15 2.0/1.9 (53/58) 4.5/4.0 NT 
13/15 4.0/1.8 (50/43) 8.2/3.4 NT 
24/26 6.9/3.2 (56/58) 11.4/4.3 2.3 11.4 11.9 Ex + 
18/20 3.1/3.3 (48/52) 8.6/6.1 NT 
18/20 7.7/3.5 (55/56) 12.9/5.9 NT 
13/14 5.4/3.6 (56/54) 11.7/6.2 NT 
20/23 0.9/1.0 (53/53) 4.9/3.2 NT 
25/27 3.3/2.8 (51/57) 9.2/6.5 3.5 6.3 21.8 Ex + 
22/25 2.2/1.5 (48/44) 9.3/5.4 4.2 10.3 12.2 Ex + 
20/23 0.8/1.5 (55/46) 2.9/4.5 5.3 10.8 10.4 NT 
20/22 5.1/2.8 (58/60) 9.0/5.7 NT 
14/16 5.4/2.0 (56/58) 12.9/7.1 1.9 10.6 23.2 Ех + 
24/28 0.5/0.4 (52/53) 2.6/1.5 МТ 
40/45 1.7/0.9 (65/69) 4.3/2.4 4.0 9.9 12.3 Ex + 
15/17 2.0/1.0 (55/56) 5.7/3.3 Ex + 
14/15 1.1/0.5 (52/48) 1.9/1.2 NT 
14/16 2.8/1.7 (57/60) 5.8/3.5 4.6 7.4 19.5 Ex, B, C + 
16/17 5.7/5.3 (53/58) 10.0/7.0 A, F NT 
17/18 1.6/2.0 (51/58) 6.0/5.2 Ex + 
18/20 1.1/2.0 (47/52) —/3.4 NT 
14/17 7.8/3.6 (58/62) 13.3/5.8 Ex + 
33/33 1.5/1.4 (43/51) 2.9/3.1 NT 
15/17 4.9/2.7 (57/54) 9.7/5.8 4.9 14.0 9.6 Ex + 
15/17 7.2/5.0 (56/52) 10.6/6.0 МТ 
16/17 1.7/1.1 (70/82) 3.3/2.2 5.2 7.5 15.5 Ex + 
14/15 1.1/0.5 (56/59) 2.3/0.9 NT 
21/26 1.6/0.6 (55/53) 4.4/1.0 NT 
20/24 2.7/0.8 (53/43) 5.3/1.7 4.8/— 9.6/— 8.2/— Ex + 
80/75 2.1/1.8 (57/52) 4.5/4.5 NT 
180/170 0.1/0.1 (50/51) 0.4/0.2 NT 
160/140 1.1/1.2 (54/53) 2.5/2.1 МТ 


130/110 2.7/1.2 (58/55) 4.8/3.2 NT 
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TABLE 5. Continued. 
Ыб 


WINGS 








ANALYSIS OF РАВТ$З:" Appendages 
Species & Sex Basal Hairpencil Apical (Legs, Anten.) Rest of Head 
Mechanitis polymnia 1.13/88 4.15/64 0.14/100 0.26/77 0.60/70 
casabranca (males) 1.70/100 1.10/100 1.03/65 0.52/92 1.03/72 
1.03/58 1.70/58 0.83/51 0.98/97 1.43/75 
2.60/85 4.40/100 2.10/48 4.20/77 3.40/75 
Ithomia agnosia 4.50/81 — 1.38/78 7.50/68 12.5/69 
agnosia (females) 0.69/42 — 0.63/45 1.60/55 2.00/68 
0.70/67 — 0.75/48 0.72/100 1.05/44 
“pockets” 
Danaus gilippus (male) 3.10/63 1.00/55 0.73/49 2.00/57 1.75/55 
(female) 1.45/50 - 0.47/42 1.20/46 1.50/51 
Displaying Male 
Rest of 
Insect Spermatophore 

Mechanitis lysimnia 3.09/61 8.50/54 

3.32/59 8.85/55 

3.06/52 9.75/49 

0.78/54 2.40/64 

4.20/52 25.3/55 

6.40/56 17.4/54 

Mechanitis polymnia 2.23/52 8.60/62 

0.26/46 1.05/54 

0.92/62 3.92/55 

Aeria olena 3.00/50 12.3/67 

3.60/69 10.0/72 


* Authors’ and subspecies names are in Figure 5 or Brown (1985). 

See Table 3, footnote b. Additional localities: BJ = Bujaru, Para. ES = various parts of Espirito Santo. RO = 
various parts of Rondónia. VB = Vila Bela, western Mato Grosso. 

° Numbers refer to the plants listed in Table 3. Italicized numbers indicate probable food plants or species 
near to that number. 

ч Just-captured butterflies were cut up under 2 ml absolute methanol (3 ml for heavier species) and after at 
least one day’s standing aliquots (usually 1/20, or 1/4 for component parts) were assayed directly for total PA 
and N-oxide, following Mattocks (1967, 1968) and Bingley (1968); see text for details. 

° See fractionation scheme in Figure 4 for letters. 

' See footnote g of Table 3 for bioassay codes. 

* No secondary compounds from larval food plants have been found stored in adult Ithomiinae. Additional 
genera examined (few specimens) were (Tribe letter, genus and species, host plant): А Tellervo zoilus, 45: B 
Elzunia humboldt, 45; D Athesis clearista, 23 and Patricia dercyllidas, 30; G Eutresis hypereia, 37 and Athyrtis 
mechanitis, 37°; Н Forbestra equicola, 16 and F. truncata, 16; І (New genus) canilla, 18; J Hyalyris coeno, 13 
and Hyalyris oulita metella, 13; K Miraleria cymothoe, 31 + 33; L Velamysta pupilla, 17; М Dygoris dircenna, 
39 and Hypomenitis dercetis, 39 and H. libethris, 39. 


Rothschild (1973), who obtained only negative 
results. In August 1978, 3,200 dry bodies of Me- 
chanitis polymnia (75 g, representing over 300 g 
fresh weight of insects) were mailed to Dr. Desiré 
Daloze of the Collectif de Chimie Bio-Organique 
in Brussels, where ant bioassays were used to 
follow repellent activity in the fractionation. No 
alkaloids, cardiac glycosides, or other interesting 


active compounds, or even their degradation 
products, could be found (D. Daloze, pers. 
comm., 1980). This along with the previous re- 
sults suggested that the protective compounds of 
adult Ithomiinae might be labile, degraded after 
death or upon storage, and possibly unrelated to 
the larval food plant poisons. 

Total MeOH-H,O extracts of fresh ithomiines 
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TABLE 5. Continued. 
THORAX 
Exo- 
skel- ABDOMEN 
ton Muscles Exoskeleton Fat Reprod. Organs Intestine 
0.29/75 0.21/100 0.21/92 0.49/65 0.12/91 0.02/100 NR 
1.18/42 0.92/48 1.82/91 0.81/66 2.54/99 0.63/89 
1.02/66 0.63/65 0.50/100 0.19/69 0.60/100 0.14/56 
4.10/67 4.40/68 6.60/72 3.20/100 4.10/92 4.00/97 
Ерр5 
1.06/79 3.56/50 4.45/65 1.76/65 52.0/45 0.13/91 8.85/78 
0.35/45 0.47/20 0.47/38 0.42/54 1.67/40 0.28/14 1.00/30 
0.62/48 0.40/33 0.87/100 0.26/18 0.34/100 0.15/60 NR 
1.90/57 1.20/50 2.20/56 0.73/65 4.20/58 Hairpencil 3.50/55 
1.60/52 1.10/48 1.40/62 3.30/59 0.90/62 Eggs 0.90/12 
Pairs captured in copula 
ee ie a oia === ___-___________ Е 
Male: Rest Spermato- Female: Rest 
of Insect phore of Insect Abdomen Ducts 
о а Mato ul. cuc eee 
2.12/52 12.8/65 6.26/52 3.50/59 
2.23/64 11.9/54 0.40/74 0.35/57 
3.71/54 12.7/66 2.26/62 0.83/100 
0.44/56 1.31/78 3.00/62 3.30/60 
1.29/50 22.5/60 3.30/51 3.51/65 
0.25/54 4.70/48 3.58/63 5.10/62 
0.87/52 9.10/61 2.52/48 3.26/58 
0.38/48 14.6/72 2.06/72 7.20/88 
2.96/59 12.6/72 5.06/61 13.6/63 
2.26/51 2.32/57 3.90/58 40.5/64 
8.90/62 18.7/77 4.10/54 5.40/59 


АХ 


^ Larvae of these species may be considered as aposematic in color-pattern and behavior. 

i Eggs of these subspecies contained up to 9% of dry weight as PAs. 

! Larvae of these species feeding on the indicated plants did not contain any PAs nor did their extracts protect 
Biblis against predation by Nephila; possible exceptions are Methona themisto, Aeria olena and Tithorea har- 


тота. 


k Recently emerged adults of both sexes of these species reared from larvae оп the indicated food plants, were 


consumed without hesitation by Nephila, which in most cases had just cut out an adult of the same species and 
sex captured in the field. Notice that almost all Solanaceae genera and chemicals are included in the food plants. 

m Data are given as percent of dry weight of part/% of PA as N-oxide. When the N-oxide value is high, it 
usually indicates appreciable PA present as dihydropyrrolizines (types 3MNO), usually confirmed. Especially 


noteworthy values are printed in boldface type. 


(prepared as in Fig. 4), when applied to the edible 
Biblis hyperia, were at least as repellent to Neph- 
ila spiders as were the live butterflies. The re- 
pellency was then located in the alkaloid fraction 
в (Fig. 4) and also in the polar fraction c. When 
these fractions were compared with the corre- 
sponding fractions of the larval food plants, there 
appeared to be no compounds in common. Fur- 
thermore, all food plant extracts and fractions 
tested in the spider bioassay were negative (Table 
3). To put the final nail in the coffin, both sexes 
of 30 species in 26 genera of Solanaceae-feeding 


Ithomiinae, reared from the larvae in the labo- 
ratory on fresh leaves of natural food plant, upon 
emergence from the pupa and introduction into 
Nephila webs were promptly and enthusiastically 
eaten (Table 5). In most cases, the Nephila had 
just as efficiently rejected a field-captured adult 
ithomiine of the same species and sex. 

In all, 142 species of Ithomiinae in 45 genera 
and all 14 tribes were examined in parallel with 
48 host plants in 16 genera of Solanaceae, three 
genera of Apocynaceae, and one of Gesneriaceae 
(see Tables 2, 3, 5), both in chemical analysis 
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FIGURE 9. Ithomiinae found in the Campinas region, interior of Sào Paulo state, SE Brazil. Missing are 
*Episcada philoclea (Hewitson) and TPseudoscada quadrifasciata, very similar to U. * indicates rare visitors 
from the coastal mountains or plain, ў rare visitors from the tropical Paraná valley to the west. Names follow 
in order of natural abundance іп dry season assemblages. — E. Mechanitis polymnia casabranca (about 50% of 
all Ithomiinae, can increase to 75% in some seasons). — D. Mechanitis lysimnia (1796). —S. Mcclungia salonina 
(13%). —H. Hypothyris піпопіа daeta (8%). — L. Ithomia agnosia (5.596). — М. Aeria olena (2.596). — P. Prittwitzia 
hymenaea (1.196). —O. Dircenna dero (upper D. сета, lower D. rhoeo) (0.896). —G. Hypothyris euclea (laphria 
x nina, mixed population) (0.4% but can be common in some years).—A. Tithorea harmonia pseudethra 
(0.4%).—J. Epityches eupompe (sometimes common in September). — T. Pseudoscada erruca (common in some 
pockets, not in others). — U. Hypoleria plisthenes.—1. Thyridia psidii cetoides. —Q. Episcada carcinia. — K. Me- 
thona themisto (common on tree-lined city streets and in gardens). —R. Pteronymia carlia.—W. tHypoleria 
goiana. — M. *Ithomia drymo (sometimes moves through in numbers in September). —F. *Placidula eury- 
anassa. — V. *Hypoleria adasa. — B. *Melinaea ludovica paraiya. — С. *Melinaea ethra. The ranking is based on 
over 20,000 captures, mostly for marking and recapture population studies. For systematic order of genera and 


species (primitive to advanced), see Tables 2 and 5; for authors’ names, see Figure 5. 


and bioassay. In terms of the hypothesis of se- 
questration of defensive chemicals by ithomiine 
larvae, these results were thoroughly disappoint- 
ing; no important compounds were detected that 
were shared by butterflies and their larval food 
plants. All butterfly extracts were positive and 
all plant total extracts and fractions were nega- 
tive in the Nephila tests. However, all butterflies 
showed a strong Mayer's test on the acidified 
total aqueous extract, suggesting the presence of 
some kind of alkaloids. 

Since adult ithomiines, like danaines, are 
known to be strongly attracted to sources of de- 
hydropyrrolizidine alkaloids (Pliske, 1975a, 
1975b) and use these at least for pheromone syn- 


thesis (Edgar et al., 1976), the extracts were ex- 
amined for these compounds, using on TLC plates 
the iodine/Ehrlich test (dehydrogenation fol- 
lowed by p-dimethylaminobenzaldehyde in conc. 
HCl/acetone). All butterfly species showed the 
presence of similar moderately polar PAs as the 
major components of the alkaloid fraction B; in 
all cases, this fraction was greatly augmented and 
often became over 9096 of a single compound 
after the zinc-reduction loop in Figure 4, indi- 
cating that much of the PAs were present as a 
single alkaloid and N-oxide in the butterflies, the 
latter probably responsible for the activity seen 
in fraction c. Pure pyrrolizidine alkaloid frac- 
tions accounted for essentially all the activity 
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FIGURE 11. 


seen in the Nephila bioassay, protecting the adults 
against predation by this spider. 

The most common species in the Ithomiinae 
communities in the Campinas area, Mechanitis 
polymnia casabranca (Brown & Vasconcellos- 
Neto, 1976; Vasconcellos-Neto, 1980, 1986; Fig. 
9), was chosen initially for detailed chemical in- 
vestigation, using the fractionation scheme shown 
in Figure 4. The ethyl acetate extract (F) from 
455 butterflies captured in Amarais in August 
1982 (19.1 g dry weight, 13 of this as insoluble 
tegument) weighed nearly 5 g and readily solid- 
ified at 8°C to an off-white crystalline mass, in- 
dicating nearly pure saturated triglyceride; its ex- 
act composition is presently under investigation, 
but it was negative in the Nephila bioassay — 
probably quite nutritive, in fact. This extensive 
storage of high-energy fat (26% of dry weight at 
the height of the winter dry season) reflects the 
long (up to six months) reproductive diapause of 
these species (May-October; Vasconcellos-Neto, 
1980) and also helps to explain the advantages 
of the learned predation behavior of the tanager 
(Brown & Vasconcellos-Neto, 1976), which 
squeezes this fat out of the abdomen of the but- 
terflies. It is interesting that the fat reserves fell 
to only half of August levels in butterflies ex- 
tracted in late September; the butterflies are 
long-lived and have few exogenous resources in 
September. Tanager predation usually ceases in 
September, probably from a combination of a 
lower reward (here confirmed) and more diffi- 
culty in capture as the days become warmer 
(Brown & Vasconcellos-Neto, 1976). 

The total alkaloid extract B, isolated after the 
zinc reduction loop (which increased its weight 
from 60 to 260 mg equivalent yield from 19 g 
butterflies = 1.4% of dry weight) showed on TLC 


Feeding of Ithomiinae at PA sources. — 


A. Mechanitis polymnia casabranca on Trichogonia 
gardneri flowers, Amarais, Campinas, SP.— B. Mechanitis lysimnia elisa (Guérin) on Eupatorium macrophyllum 
flowers, Colorado, Rondónia. 


a single major spot (90%) that gave a positive І./ 
Ehrlich test for PAs. The 60- MHz NMR spec- 
trum of this noncrystallizable fraction (Fig. 10) 
showed it to be almost exclusively a 60: 40 mix- 
ture of lycopsamine and intermedine (Fig. 3E, F) 
compared with a spectrum of pure reference ly- 
copsamine contributed by J. A. Edgar (Fig. 10C). 
Very minor impurities due to other dehydro- 
pyrrolizidines could be seen in the NMR spec- 
trum. The alkaloid fraction co-chromatographed 
with authentic lycopsamine (donated by J. A. 
Edgar) on TLC in four different systems, giving 
indications of latent separation of the isomers in 
some solvent mixtures. 

The NMR spectrum of the total alkaloid frac- 
tion showed no signs of the “methylene enve- 
lope" or quaternary methyl signals typical of ste- 
roid alkaloids of Solanum, nor of the anomeric 
protons ofglycosides, nor ofthe N-methyl groups 
of solanines, nicotine, and tropane alkaloids (Figs. 
1, 10). This supports nonsequestration of al- 
kaloids from the larval food plant. The spectrum 
also indicated that most of the butterflies ob- 
tained their alkaloid from a single source; the 
structure and the mixture strongly support flow- 
ers of Trichogonia gardneri, common in Amarais 
and intensively visited by M. polymnia (Fig. 11A; 
Table 6). 

When the zinc reduction was not performed, 
the much diminished alkaloid fraction showed 
two spots, one corresponding to the lycopsa- 
mine/intermedine mixture and the other more 
mobile (probably the isomers echinatine/rinder- 
ine, Fig. 3G, H). The NMR spectrum ofthe whole 
fraction was rather complex, indicating several 
additional components of diverse structures in- 
cluding saturated PAs, but still showed no signs 
of the presence of other classes of alkaloids. 
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In expansion of the work on M. polymnia pre- 
liminary fractionation gave PAs representing 
various mixtures of the ћуе isomers of a single 
structure (Figs. 3, 10) in up to 13%, and in Scada 
over 2096 of dry weight in some individuals, in 
all 141 additional Ithomiinae species indicated 
in Table 5, many captured in the Campinas re- 
gion but also sought in more distant places for 
comparison and to verify the generality of the 
phenomenon. No PAs were seen in the Zn-re- 
duced extracts of any of the food plants tested 
(summarized in Table 3). 


ITHOMIINE DEFENSE 


That the protection of adult Ithomiinae against 
predation by Nephila is due to PAs was соп- 
firmed by feeding 200—400 ug of echinatine 
N-oxide (Fig. 3J) in dilute honey solution to new- 
ly emerged adults of Mechanitis lysimnia and 
Pseudoscada erruca (which normally were eaten 
by Nephila); within an hour, the butterflies were 
routinely rejected by the spiders (experiments 
performed together with J. R. Trigo). Reared but- 
terflies kept alive for many days did not biosyn- 
thesize any protective chemicals; protection was 
lost within a day after death ofa butterfly rejected 
by the spider, again indicating the instability of 
the PAs. Very fresh field-captured Ithomiinae 
often showed no PA and could be consumed by 
Nephila, but in general the adults seemed to be 
able to accumulate sufficient defensive com- 
pound from different sources in their environ- 
ment within a very short period after emergence 
from the pupa. 

The strong dependence of adult ithomiines on 
PA sources, including for their courtship pher- 
omones, perhaps made it inevitable that they 
should also retain the PAs for their defense. The 
lack of storage of Solanaceae defensive com- 
pounds, already verified in early investigations, 
increased the probability of alternate defensive 
compounds in the Ithomiinae—labile com- 
pounds not detectable in dead insects. The uni- 
versal rapid cutting out of Ithomiinae from 
Nephila webs suggested that such alternate de- 
fense substances did not derive from the widely 
variable larval foods but from a more ћоторе- 
neous adult food source. In the only other re- 
ported case of a lepidopteran being cut out from 
spiders' webs— Utetheisa ornatrix, an aposemat- 
ic day-flying arctiid whose larvae feed on Cro- 
talaria and pass sequestered PA diesters on to 
the adults, where they are also used in phero- 
mone synthesis—it has been shown that PAs are 
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responsible for this deterrent activity (Conner et 
al., 1981; Eisner, 1982). 

The Solanaceae poisons have thus been ab- 
solved, at least for the time being, from partic- 
ipation in the unpalatability of adult Ithomiinae 
to their most dangerous predators. It seems pos- 
sible that exceptions will be found to this, es- 
pecially as more predators are incorporated into 
the bioassays and more butterflies and food plants 
into the chemical analysis. However, the PAs 
and especially the biologically active (hepato- 
toxic, tumor-inhibiting) lycopsamine-group 
monoesters and their N-oxides should be re- 
garded as the principal, perhaps nearly universal 
chemical protection for adult Ithomiinae. 

PAs are also widespread in Danainae and Arc- 
tiidae moths (Ctenuchinae, Pericopinae, and 
Arctiinae), whose adults sometimes inherit them 
from the larvae but inevitably seek them out at 
the same sources visited avidly by the Ithomi- 
inae, and similarly use them for defense and 
pheromone synthesis. Indeed, lycopsamine and 
its stereoisomers have been found in wild pop- 
ulations of essentially every species of Danainae 
and Ithomiinae investigated (Edgar, 1982; Table 
5), though their presence is erratic in the moths. 
These compounds seem to represent a very ef- 
fective “ancestral predator defense” that has been 
retained in diverging phyletic lines up to the pres- 
ent (Edgar, 1975) in spite of a variety of habitats, 
food plants, and behaviors. 

Adult Ithomiinae sequester their PAs from a 
variety of sources: decomposing borages and 
composite flowers (Eupatorieae) especially, but 
also orchids, Crotalaria, apocynes, and less tra- 
ditional PA-containing materials. These are 
inevitably abundant wherever Ithomiinae occur 
in numbers. 

The proponderance of PAs in adult Ithomiinae 
defense could also help to explain the cryptic 
coloration and behavior observed in most ith- 
omiine larvae (Fig. 8), notable exceptions being 
Methona on Brunfelsia (Fig. 8W, X), the feeders 
on Apocynaceae (Fig. 8T, U), Melinaea with 
similar larvae (Fig. 8K, V) feeding on Markea, 
Juanulloa, and related genera, and a few showy 
larvae scattered on other plants. Newly emerged 
ithomiine larvae eat their eggshells (which con- 
tain PA derived from their mother; see below) 
and immediately move to the underside of the 
same leaves (if not already there), usually ac- 
quiring a cryptic coloration. The fact that most 
ithomiine immatures are cryptic translucent 
green, closely matching their substrate, and feed 
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on the underside of leaves (Fig. 8) may indicate 
rapid metabolism of the Solanaceae poisons 
(though cryptic and toxic Insects are not rare): at 
least the poisons are not carried through to the 
adults, whom they would not protect in any case, 
and do not seem to be stored 1п the larvae. Apo- 
sematic but nontoxic insects are rare (except for 
obvious Batesian mimics that diverge from their 
taxonomic relatives), the main casc being auto- 
mimics in the Browerian sense (Brower et al., 
1971; Rothschild, 1979). For this reason the 
strongly aposematic larvae in a few ithomiine 
genera may incorporate or synthesize some sorts 
ofunpleasant substances that have yet to be iden- 
tified. 

In previous work reported without details, a 
lycopsamine/intermedine mixture was found in 
Hypomenitis dercetis and Oleria makrena from 
northern Venezuela (Edgar et al., 1976) and re- 
garded as primarily precursorial to pheromones 
(only males were analyzed) rather than as defen- 
sive. Later work (Edgar, 1982) emphasized the 
potential defensive role of these compounds, here 
confirmed. 


SELECTIVE PA STORAGE 


When male and female Mechanitis polymnia 
were separately extracted in late September 1982, 
some interesting differences were observed, in- 
dicating that careful work on this chemical in- 
teraction should always maintain the sexes apart 
in analysis. At least in September, at the begin- 
ning of the reproductive season, the females con- 
tained much more fat and PA than males (Table 
5). That this difference is closely related to the 
respective reproductive tasks is supported by the 
previous pheromone study (Edgar et al., 1976) 
and by analysis of Mechanitis eggs. A raft of 31 
M. polymnia eggs, weighing 11 mg, was extracted 
with 2 N H,SO, and directly reduced with zinc, 
alcalinized, and extracted with СНСІ,-МеОн. 
This showed on TLC the presence of abundant 
lycopsamine/intermedine mixture, perhaps as 
much as 196 of the fresh weight or 0.1 mg. All 
other Ithomiinae eggs analyzed also showed the 
presence of appreciable PA (Table 5). The bright 
white Mechanitis eggs, laid in rafts of 5-100 on 
top of the host plant leaves, with which they 
contrast vividly (Fig. 81, N, О), could be de- 
scribed as a true collective display of aposematic 
insects, just like the adult assemblages in dry 
season “pockets.” 

As shown in Table 5, male Ithomiinae gen- 
erally accumulate more PAs than the females; 
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indeed, in many species they are the principal or 
only sex found on the sources (Table 2; Pliske, 
1975а, 1975b). The females of most species seem 
to get the majority of their PAs in the spermato- 
phores received from males during mating, which 
is repetitious (Ehrlich & Ehrlich, 1978); these 
small sacs often have 20-50x the PA concen- 
tration as the rest of the male (Brown, 1984, 
1985). 

Both males and females are able to selectively 
distribute the collected PAs to different tissues, 
including tegument and wings (possibly by re- 
gurgitation with fat as a wetting agent) and es- 
pecially to reproductive parts (pheromone glands, 
spermatophores, ovaries; Table 5), thence in fe- 
males to the eggs. 

Males attracted to Heliotropium baits placed 
in relatively PA-poor areas and females attracted 
to displaying males showed lower average and 
maximum PA content than random samples of 
the same populations, indicating an “appetite ef- 
fect" that obviously would be highly adaptive in 
these organisms. 

More complete information on PA storage, use, 
and distribution in Ithomiinae may be found in 
Brown (1985). 


SOURCES OF DEHYDROPYRROLIZIDINE 
ALKALOID MONOESTERS 


In the same paper in which he predicted that 
PAs would be used for defense in the Ithomiinae, 
Edgar (1982) predicted that they would be found 
in the nectar of Eupatorieae, in view of the heavy 
dependence of Ithomiinae on these plants and 
their characteristic occurrence in the Boragina- 
ceae, also frequently visited by Ithomiinae and 
source of precursor for the pheromone (Fig. 3D) 
as well as of the most attractant esterifying acids 
for ithomiine males (Pliske et al., 1976). Indeed, 
many genera and most females are more strongly 
attracted to Eupatorieae flowers than to Heli- 
otropium (Table 2), the difference being espe- 
cially pronounced in Mechanitis and allies (Fig. 
11). 

Extraction of the flowers of 16 species in four 
genera of the Eupatorieae actively visited by Ith- 
omiinae in the field led to the isolation and iden- 
tification ofa variety of PAs but usually only one 
isomer and structure in each species (Table 6; 
see Figs. 3, 10). Alkaloids of this structure were 
also found in Heliotropium and Tournefortia 
flowers (Boraginaceae-Heliotropoideae) often 
visited by Ithomiinae, as well as in the leaves of 
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various Heliotropium species (Table 6), but not 
in Mikania (Eupatorieae), Cordia (Boraginace- 
ae), or several other flowers sporadically visited 
by Ithomiinae. When the plants were analyzed 
for PAs by parts (Table 6), the highest concen- 
trations always appeared in the nectaries of still 
unopened flowers, suggesting that they might be 
a reward to specific PA-seeking pollinators; the 
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Flow of dehydropyrrolizidine alkaloid monoesters in natural ecosystems. 


concentration was often 2–4% of dry weight of 
the whole flower. 

In open vegetation or poor soil areas with few 
Ithomiinae present, Eupatorieae gave lower yields 
of less pure isomers in the flowers and showed 
dramatically reduced seed set, even though pol- 
lination was effected by other groups that also 
depend on PAs (Danainae and Arctiidae). Areas 
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with few Eupatorieae or only very seasonal species 
showed scattered and transient Ithomiinae pop- 
ulations, whereas in areas with abundant Ith- 
omiinae there were always common Eupatorieae 
in flower throughout the year, especially Tricho- 
gonia (Fig. 11A; see also Pliske, 1975a). It is 
evident that this mutualistic relationship, pro- 
foundly affecting the reproduction and abun- 
dance of both butterflies and plants, is of fun- 
damental importance to both groups and has 
determined many adaptations on both sides of 
the interaction, in a coevolutionary picture prob- 
ably much stronger and more stable than that of 
the Ithomiinae with the Solanaceae. 


FLOW OF DEHYDROPYRROLIZIDINE 
ALKALOIDS IN NATURE (FIG. 12) 


The analysis of PA monoesters in different parts 
of plants and butterflies in various physiological 
and reproductive states (Tables 5, 6; Brown, 1984, 
1985), made possible by the selectivity and sen- 
sitivity of the Mattocks-Bingley assay (Fig. 3), 
permits a diagram to be drawn of the synthesis, 
flux, use, and eventual dissipation of these highly 
active compounds in ecological systems (Fig. 12). 
Thus the PAs are probably synthesized in the 
roots of Apocynaceae, Boraginaceae, and Com- 
positae-Eupatorieae (diesters are also elaborated 
by Compositae-Senecioneae and Leguminosae: 
Crotalaria); young plants show highest concen- 
trations in the roots and even mature plants show 
a bimodal concentration distribution between 
flower heads and roots. The compounds also may 
be concentrated in the leaves when this will give 
important protection against herbivores; in a few 
cases, these leaves are attacked by specific in- 
sects, including larvae of some Danainae, Ith- 
omiinae, Ctenuchinae, Pericopinae, and Arctii- 
nae among the Lepidoptera, and a variety of 
Hemiptera and Coleoptera. Many of these spe- 
cific herbivores store and use the compounds 
directly for defense or adult reproduction, where- 
as others excrete them. 

As the plant comes into flower the alkaloids 
are translocated to the flowering tips and then 
into the nectaries, where they guarantee attrac- 
tion and relatively long visits of specific Lepi- 
dopteran pollinators in the same five subfami- 
lies, the first three pantropical (with scattered 
species in north temperate areas), the fourth neo- 
tropical and the last cosmopolitan. The alkaloids 
are also retained in the seeds to deter predation. 

In the frequent case of selective attraction of 
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male butterflies to the PA sources, these spread 
the PAs over their tegument for predator defense 
and channel them into pheromone synthesis 
glands (Fig. 3), which sometimes are formed only 
with PA stimulation (Schneider et al., 1982), and 
other reproductive tissues, especially spermato- 
phores. The spermatophores are transferred to 
females during mating and the PAs are similarly 
spread out over the tegument and channeled into 
reproductive tissues, eventually being deposited 
on the eggs for protection. Newly hatched larvae 
consume the eggshells but quickly lose their PAs 
unless they find themselves on leaves that con- 
tain them. 

This chemico-ecological flow scheme (Fig. 12) 
opens ample perspectives for the localization, 
selection, and cultivation of PA-producing plants. 
Indicine N-oxide (Fig. 3K) and at least one iso- 
mer (Fig. 3J) are promising anticarcinogenic drugs 
now in advanced clinical testing; some Eupato- 
rium in the right ecologico-evolutionary setting 
might become important sources for these com- 
pounds (Table 6). The free bases, however, and 
especially the diesters, are very hepatotoxic and 
carcinogenic, representing a serious problem in 
human and veterinary medicine. Knowledge of 
the flow of PAs in nature should be useful for 
the control of both plants and PA content in 
natural and agricultural systems. It may also help 
in the control and evaluation of medicinal plants 
such as comfrey (Symphytum, Boraginaceae), 
which surely should contain a minimum of PAs 
when used as herbal teas or fortifying salads, to 
avoid permanent liver damage to the unsus- 
pecting consumers. 


CONCLUSIONS, SYNTHESIS, AND 
PERSPECTIVES 


The integrated ecological, phylogenetic, and 
biochemical investigation of the Solanaceae/Ith- 
omiinae interface, with the collaboration of 
Nephila clavipes, a large spider that is a major 
potential predator of the butterflies, has shown 
that: 

(1) Although there exists a reasonable and 
geographically widespread specificity in the usage 
of 19 genera of Solanaceae by Ithomiinae larvae, 
especially at the level of host plant secondary 
chemistry, there is very little evidence for parallel 
phylogenetic diversification of these interacting 
groups over evolutionary time; in general, ad- 
vancing phyletic lines of butterflies use ever more 
primitive hosts. The New World Ithomiinae seem 
to have colonized the already generically diver- 
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sified Solanaceae through sequential preadapta- 
tion to, and encounter and toleration of pro- 
gressively more toxic secondary chemicals in their 
food plants. This has undoubtedly affected the 
distribution, population structure, habit, habitat, 
phenology, and exceedingly diversified and vari- 
able chemistry of these plants, but it should not 
be called “‘coevolution.” 

(2) The variable and diversified Solanaceae 
toxins are not stored by larval Ithomiinae and 
do not protect newly emerged adults against the 
spider predator, which rejects field-caught indi- 
viduals. Adult Ithomiinae depend heavily on de- 
hydropyrrolizidine alkaloid monoesters for de- 
fense and reproduction. These are sought out and 
sequestered from decomposing Boraginaceae and 
especially from a constant source, stabilized by 
mutualistic interaction: flowers of Compositae- 
Eupatorieae, which place in their nectar a single 
chemical structure (usually as only one of five 
different stereoisomers) to attract the pollinators 
that need these alkaloids. This intimate relation- 
ship has undoubtedly determined many aspects 
of morphology, physiology, population struc- 
ture, distribution, abundance, and the highly 
convergent chemistry of these plants and their 
pollinators. 

Interesting additional problems that have aris- 
en during this research, presently under active 
investigation with similar methodology, include: 

(1) The special relationship of the Ithomiinae 
Tithorea and Aeria to Apocynaceae-Parsonsieae, 
which sometimes contain PAs that may be stored 
by the aposematic larvae of these genera (re- 
search under way with J. R. Trigo). 

(2) The additional aposematic larvae of Ith- 
omiinae, which feed mostly on tropane-contain- 
ing plants and Brunfelsia (though some Solanum 
are also included), and which may be storing 
effective predator deterrents from the food plant 
and, in the case of Methona (which contains al- 
most no PAs in the adults), possibly passing them 
on to the adult butterflies. 

(3) Reasons for the apparent nonstorage (and 
perhaps nonstorability) of most Solanaceae tox- 
ins by herbivores. 

(4) Possible participation of further com- 
pounds, volatile or unstable and derived from 
PAs or similar precursor, in defense of adult Ith- 
omiinae. 

(5) Physiological or behavioral mechanisms 
for the spreading out of PAs on the tegument of 
the butterflies and their use in synthesis of var- 
ious pheromones. 
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(6) The great diversity and variability of tox- 
ins in both the Apocynaceae and the Solanaceae 
used by larval Ithomiinae and the importance of 
these in relation to evolution, oviposition, larval 
feeding, survivorship, and reproduction in their 
usual herbivores and in other potential enemies. 
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